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EFFECT OF BENZIMIDAZOLE AND NICKEL ON 
THE CHLOROPHYLL METABOLISM OF 
DETACHED LEAVES OF KHAPLI WHEAT! 


DALTON WANG AND E. R. WayGoop 


Abstract 


Studies have been made on the effect of benzimidazole and nickel on the 
chlorophyll metabolism of detached etiolated and green leaves of Khapli wheat. 
It was found that benzimidazole stimulated the formation of chlorophyll and 
protects the latter from rapid destruction. The protective effect was most 
rominent in treated leaves in the dark. The effect of nickel ion differs from 
nzimidazole only in respect to its inhibition of chlorophyll formation. Evidence 
obtained indicates that the destruction of chlorophyll in light and in dark are 
probably two independent processes. 


Introduction 


In studies on the effect of benzimidazole and metal ions on the development 
of stem rust in detached leaves of wheat, both benzimidazole and nickel ions 
have been shown to have a preservative effect on the green pigment of the 
leaves (3,4). This effect of benzimidazole has also been noted by Person et al. 
(2). Since both compounds prevent rust development effectively and preserve 
the green pigment in the host, it was considered that a study of the chlorophyll 
metabolism may contribute some knowledge to the understanding of the mode 
of action of these two compounds in the normal metabolism of a host, assuming 
that normal metabolism enables a host to cope with a parasite in either a 
resistant or a susceptible plant. The present paper deals with some of the 
results obtained during a study of the effect of benzimidazole and nickel ions 
on the chlorophyll metabolism of both etiolated and green leaves of Khapli 
wheat. 


Material and Methods 


Etiolated leaves of Khapli wheat were obtained by surface sterilizing seeds 

for 20 minutes with 3% chlorine solution (Javex, diluted threefold). These 

were rinsed with distilled water, and then sown in vermiculite in a glass dish. 
1Manuscript received April 20, 1959. 

Contribution from the Department of Botany, University of Manitoba, Winnipeg, Mani- 
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The dish was kept in complete darkness at room temperature for 9 days at 
which time the leaves had attained a length of approximately 15 cm. Leaves 
were excised at 7 cm from the tips under a weak green light. Green leaves 
were obtained from greenhouse-grown plants at the early two-leaf stage. The 
primary leaves were cut at 7 cm from the tips. 

The excised etiolated or green leaves were floated on 20 ml of either water or 
50 p.p.m. benzimidazole solution or 2 p.p.m. nickel chloride solution in Petri 
plates, which were placed as required in the dark at room temperature or in a 
growth chamber at 21°C under continuous illumination. The light source 
was a bank of 18 fluorescent lamps of which nine were warm white (F72T12/ 
WWX)? and nine daylight (F72T12/D)? giving a light intensity of 650 ft-c at 
a distance of 23 in. from the lamps. 

Samples in duplicate or triplicate were taken at desired intervals. The leaves 
were immediately frozen on a block of dry ice and kept in the frozen state at 
approximately —15° C prior to extraction. Each sample consisted of 5 or 10 
leaves depending on their content of pigment. Comparable samples were 
taken for the determination of dry weight. 

The leaves of each sample were cut into approximately centimeter sections 
and ground in an Elvehjem—Potter homogenizer with a small quantity of 
calcium carbonate (approximately 0.1 g) and some 85% acetone. The resulting 
slurry was filtered and the residue and homogenizer were washed with 85% 
acetone. Ether was sometimes needed in order to remove the last trace of 
pigment. The chlorophyll was extracted according to the method described 
in A.O.A.C. (1) into ether and the ether—acetone extract was washed with water 
and made up to a desired volume. The chlorophyll concentration was deter- 
mined spectrophotometrically on a Hilger spectrophotometer at wave lengths 
of 623, 642, and 660 mu. 


Experimental Results 


Effect of Benzimidazole and Nickel Ion on the Formation and Destruction of 
Chlorophyll in Excised Etiolated Khapli Leaves 

The effect of benzimidazole or nickel ion on the formation of chlorophyll 
in etiolated Khapli leaves is illustrated in Fig. 1. In this experiment, the ex- 
cised leaves were kept in the dark on the respective solutions for a period of 
24 hours prior to illumination. It is apparent that neither compound exerted 
any influence on the rate of formation of chlorophyll during the first hour of 
illumination. The rate, however, decreased followed by another period of 
gain resulting in a significant increase in the chlorophyll concentration. The 
period of deceleration (Phase II) could be shortened from 7 to 13 hours by 
omitting the 24-hour dark pretreatment (Table I). From these results, it 
appears that benzimidazole increases the rate of chlorophyll formation, while 
nickel ion depresses it considerably. 


2General Electric Co. 
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Fic. 1. Formation of chlorophyll in detached etiolated leaves: O, treated with 
benzimidazole; A, treated with nickel ions; X, water control. 


TABLE I 


Formation of chlorophyll in etiolated leaves treated with benzimidazole 
and nickel ions 


Mg chlorophyll/g dry tissue 


Illumination 
period Treatment* Chlorophyll @ Chlorophyll b Total chlorophyll 
0 - 0.010 0.025 0.032 
30 min Water 0.022 0.060 0.080 
Benzimidazole 0.053 0.035 0.087 
Nickel 0.025 0.015 0.040 
1 hr Water 0.060 0.085 0.135 
Benzimidazole 0.055 0.050 0.110 
Nickel 0.060 0.055 0.120 
23 hr Water 0.110 0.035 0.140 
Benzimidazole 0.095 0.090 0.160 
Nickel 0.150 0.045 0.195 
8 hr Water 0.965 0.285 2.25 
Benzimidazole 0.985 0.320 1.35 
Nickel 0.885 0.200 1.09 
19 hr Water 
Benzimidazole 1.400 0.825 2.26 
Nickel 1.150 0.295 1.48 


*Without a 24-hour dark treatment prior to illumination. 


In longer term experiments, excised etiolated leaves were treated in the same 
way, except that they were not subjected to a 24-hour dark pretreatment. 
Immediately after excision, the leaves were exposed to continuous illumination 
for 4 days and were then transferred to the dark. Figure 2 shows the magni- 
tude of the effect of benzimidazole and nickel ion on the chlorophyll formation 
and destruction in these excised etiolated Khapli leaves. The chlorophyll 
concentration in the control and in the benzimidazole-treated leaves increased 
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rapidly and equally during the first 2 days of illumination, but thereafter, the 
benzimidazole-treated leaves accumulated much more chlorophyll than the 
control. On the other hand, the amount of chlorophyll in the nickel-treated 
leaves increased steadily, but at a much slower rate as compared with the 
control. The amount of chlorophyll in the nickel-treated leaves was found to 
be approximately half of the maximum value attained by those treated with 
benzimidazole. 


MG TOTAL CHLOROPHYLL/G ORY WEIGHT 


1 ES 


4 6 8 


2 4 2 
DAYS 


Fic. 2. Formation of chlorophyll in detached etiolated leaves in light and destruc- 
tion of chlorophyll in the dark: O, treated with benzimidazole; A, treated with nickel 
ions; X, water control. The arrow indicates the day on which leaves were transferred to 
the dark. 

After the leaves were transferred to the dark, there was a sharp drop in the 
chlorophyll concentration in all treatments during the first day. The chloro- 
phyll in the control diminished continuously and became completely depleted 
within 4 days. The rate of chlorophyll destruction in leaves treated with 
benzimidazole or with nickel ions, however, levelled off and became stabilized 
at a particular concentration. Again it is evident that nickel ion decreases 
the rate of chlorophyll formation and it also decreases the rate of chlorophyll 
destruction in the dark, though to a lesser degree than benzimidazole. 


Effect of Benzimidazole and Nickel Ion on the Chlorophyll Concentration in 
Green Leaves 

When green leaves were subjected to continuous illumination, there was a 
general decrease in chlorophyll concentration in all treatments (Fig. 3). How- 
ever, the level of chlorophyll in benzimidazole-treated leaves became more or 
less stabilized at the 6-day level for another 5 days, whereas the nickel-treated 
leaves showed intermediate values between those of the control and benzimida- 
zole-treated leaves. When green leaves were kept in the dark, the destruction 
of chlorophyll in the leaves treated with either benzimidazole or nickel ions 
proceeded at a considerably slower rate (Fig. 4). The difference in chlorophyll 
concentration between benzimidazole- and nickel-treated leaves was small. 
These results indicate that these two compounds protect chlorophyll from 
destruction more effectively in the dark than in the light. 
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Fic. 3. 
benzimidazole; A, treated with nickel ions; X, water control. 
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Destruction of chlorophyll in detached green leaves in light: 
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Fic. 4. Destruction of chlorophyll in detached green leaves in darkness: O, treated 
with benzimidazole; A, treated with nickel ions; X, water control. 


Effect of Benzimidazole and Nickel Ion on Chlorophyll a and Chlorophyll b 


Table II shows the concentration of chlorophyl! a and 6 and the ratio of a/b 
in the same experiment as graphically represented in Fig. 2. 
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be little effect of benzimidazole and nickel on the independent synthesis of 
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either chlorophyll during the formative period in the light. 
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the leaves were transferred to darkness the ratio of a/b increased in the nickel- 
treated and water controls, whereas in benzimidazole the ratio was practically 
unaltered. The significance of these results is not known and assays in other 
experiments were similar and do not give any further clues as to the mode of 
action of benzimidazole and nickel. 


TABLE II 


Formation and destruction of chlorophyll in etiolated leaves treated with 
benzimidazole and nickel ions 


Mg chlorophyll/g 
dry tissue 


Chlorophyll a 
Days Treatment Chlorophylla Chlorophyll’ Chlorophyll 
In light 

0 Immediately after detachment 0.136 0 

1 Water 2.452 0.978 25 
Benzimidazole 2.663 0.758 
Nickel 2.207 0.470 4.7 

2 Water 5.948 1.718 3.5 
Benzimidazole 5.200 1.428 3.6 
Nickel 3.302 0.748 4.4 

3 Water 5.107 1.911 | 
Benzimidazole 13.089 3.880 3.4 
Nickel 5.168 1.110 4.7 

4 Water 8.518 2.395 3:5 
Benzimidazole 11.770 2.963 4.0 
Nickel 5.962 1.452 4.1 

In dark* 

1 Water 4.347 1-432 3.8 
Benzimidazole 6.560 1.730 3.8 
Nickel 2.692 0.638 4.0 

2 Water 3.196 0.576 3.5 

4 Water 0.166 0.032 Re 
Benzimidazole 6.402 2.437 
Nickel 2.640 0.414 6.4 

8 Benzimidazole 6.978 2.437 2.9 
Nickel 1.790 0.242 7.4 


*Leaves were illuminated for 4 days before being transferred to darkness. 


Discussion 


When excised etiolated Khapli wheat leaves were exposed to light, three 
distinct stages were discernible in the process of greening: (a) a rapid initial 
increase of chlorophyll which is initiated by illumination; (0) a period of from 
one to several hours in which the rate of increase is relatively low; and (c) a 
period of accelerated formation of chlorophyll. The metabolism of the second 
stage is possibly closely related to the carbohydrate reserve in the excised 
etiolated leaves. This is suggested by the fact that with the elimination of the 


WANG AND WAYGOOD: CHLOROPHYLL METABOLISM 749 


24-hour dark treatment prior to illumination this second period can be short- 
ened from 7 to 1} hours. Other evidence obtained from experiments with 
etiolated leaves indicates that benzimidazole stimulates the formative process 
of chlorophyll metabolism, whereas nickel ion decreases it considerably. 

The general diminution of chlorophyll in excised green leaves in light may be 
the result of a stepped-up rate of photodestruction, whereby the formative 
process cannot maintain the pace. After the chlorophyll concentration in the 
benzimidazole-treated leaves and to a certain extent in the nickel-treated ones 
decreases, an equilibrium between the formative and destructive processes is 
obtained. This is further borne out by the fact that when green leaves are 
placed in the dark a decreased rate of chlorophyll destruction becomes evident 
in both treatments. In contrast, the destructive process in the water control 
goes on continuously and rapidly until its chlorophyll content is completely 
depleted much the same as illuminated leaves. 

From this study it may be concluded that benzimidazole exerts its effect on 
the chlorophyll metabolism of detached wheat leaves by protecting the 
chlorophyll from rapid destruction. Nickel ion differs from benzimidazole 
only in its inhibitory effect on the formative process. Since neither compound 
is able to protect chlorophyll from photodestruction as effectively as from dark 
destruction, these are probably two independent processes. 

The mode of action of nickel ion and benzimidazole in the inhibition and 
stimulation of chlorophyll formation is being studied further in this laboratory 
by examining the effect of these two substances on the conversion of porphyrin 
precursors into chlorophyll. 
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THE DETERMINATION OF K-CARRAGEENIN AS A FACTOR IN 
THE CLASSIFICATION OF THE RHODOPHYCEAE'! 


W. YAPHE 


Abstract 


Aqueous extracts from 30 species of red algae were treated with x-carra- 
geenase, a specific hydrolase for x-carrageenin. The total reducing power of 
the hydrolyzate indicated that the algae could be divided into three groups 
on the basis of the content of x-carrageenin. Group 1 included Gigartina 
acicularis, G. radula, G. pistillata, G. christata, and Iridaea sp. with a low value. 
Group 2 included Chondrus crispus, G. stellata, G. stiriata, Rhodoglossum affine, 
Furcellaria fastigiata, and Endocladia muricata, all with values comparable with 
that in C. crispus. Group 3 included Hypnea musciformis and a Yatabella sp. 
with a value greater than that for C. crispus. The occurrence of agarose and of 
k-carrageenin in the Rhodophyceae is discussed as a factor in their taxonomy. 


Introduction 


The term carrageenin has been applied to the polysaccharide soluble in 
hot water and obtainable from Chondrus crispus (L.) Stackh. and Gigartina 
stellata (Stackh.) Batt. This polysaccharide has been shown to be separable 
with potassium chloride into two fractions. The A fraction contains D- 
galactose and 35% esterified sulphate while x contains D-galactose, 3,6-anhydro- 
p-galactose residues in a ratio of 1.4:1 with about 25% esterified sulphate (7). 

Extracts with properties similar to those of carrageenin have been obtained 
from Furcellaria fastigiata, Hypnea musciformis, Gigartina sp., and other red 
algae (11). The chemical nature of the polysaccharides in these extracts 
has not yet been definitely determined. 

Hydrolases specific for agar and carrageenin have been obtained from the 
marine bacteria Pseudomonas atlantica and P. carrageenovora (11, 12). The 
agarase has been used to indicate the presence of agar in algal extracts. The 
purpose of the present communication is to report the results of the treatment 
of some algal extracts with an enzymic preparation specific for x-carrageenin. 
The results obtained are correlated with the classification of the Florideae 
proposed by Kylin (5). 


Materials and Methods 


The source of the marine algae and the preparation of the algal extracts and 
of the enzymes have been previously described (11,12). . 

Carrageenin was prepared and fractionated by the KCI method. A 0.25 
M solution of KCI was added to a 0.1% solution of dried extract from Chondrus 
crispus, Hypnea musciformis, Yatabella sp., Gigartina stellata, G. acicularis, 
Tridaea sp., and Furcellaria fastigiata. The solutions were centrifuged and the 
precipitates were washed successively with ethanol, acetone, ether, and then 
dried in a vacuum oven at 65° C for 48 hours. 


'1Manuscript received May 15, 1959. 
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Method of Hydrolysis 

The rate of hydrolysis of the polysaccharides was followed by measuring the 
total reducing power in aliquots of the hydrolyzate by the method of Somogyi 
(8). One volume of the enzyme was added to two volumes of 0.6% solution 
dissolved in M/20 phosphate buffer at pH 7.0 and the mixture was incubated 
at 40° C for 24 hours. The reducing power was calculated as the amount of 
galactose liberated from 100 ml of the 0.4% solution of polysaccharide. 


Results 


The results are presented in Table I. In the Gigartinales an increase in 
reducing power was obtained from species of Furcellariaceae, Hypneaceae, 
and Gigartinaceae. In the latter family the enzyme hydrolyzed extracts 
from species of the genera Chondrus, Iridaea, Rhodoglossum, and Gigartina. 
The concentration of x-carrageenin varied in the different species as shown by 
a reducing power of 5 mg galactose for G. christata to 45 mg galactose for 
Rhodoglossum affine. Extracts from a species of the Cryptonemiales, Endo- 
cladia muricata, and from a species of the Gelidiales, Yatabella sp., also were 
hydrolyzed by the x-carrageenase. No increase in reducing power was 
obtained when the extracts from each alga were treated with an enzyme 
preparation heated for 15 minutes at 121° C. 


TABLE I 


Enzymic hydrolysis of extracts from marine algae. Total reducing power 
after hydrolysis of 0.4% solution of extract at 40° C, pH 7.0, for 24 hours 
with k-carrageenase, expressed as galactose 


Alga Reducing power, mg/100 ml % k-carrageenin* 
Carrageenin (commercial) 29 §1 
x-Carrageenin 57 100 
Chondrus crispus 35 61 
Gigartina stellata 21 37 
G., stiriata 25 44 
G. acicularis 10 18 
G. radula 10 18 
G. pistillata 9 16 
G. christata 5 9 
Iridaea sp. 12 21 
Iridaea capensis 0 0 
Rhodoglossum affine 45 79 
Hypnea musciformis 55 97 
Furcellaria fastigiata 27 47 
Yatabella sp. 55 97 
Endocladia muricata 18 32 


*x-Carrageenin from C. crispus equals 100%. 


Reducing Power of x Fractions 

The results in Table II show that a significant increase in reducing power 
was obtained with all of the « fractions exposed to x-carrageenase. Un- 
fortunately, sufficient material was not available to prepare « fractions from 
all of the algae which gave a positive reaction with the x-carrageenase. 
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TABLE II 


Enzymic hydrolysis of « fractions. Total reducing power after hydrolysis 
of a 0.4% solution at 40°C, pH 7.0, for 24 hours with x-carrageenase, 
expressed as galactose 


Mg gal./100 ml ©} increase 
in reducing 
Whole extract k Fraction power 
Chondrus crispus 35 57 63 
Gigartina stellata 21 40 61 
Gigartina acicularis 10 35 250 
Iridophycus sp. 12 34 183 
Furcellaria fastigiata 28 56 100 
Hypnea musciformis 70 
Yatabella 55 85 55 
CL3K-1 Fr 59 


*x-Carrageenin prepared by Smith et al. (7). 


Reducing Power of Hot and Cold Water Extracts 

A sample of Chondrus was extracted first at room temperature and then at 
70°C. The reducing power of the cold water extract was 10 mg galactose as 
compared with 46 mg galactose for the hot water extract. These results agree 
with the observation that the hot water extract contains more potassium ion 
sensitive material than the cold water extract. 


Distribution of x-Carrageenin in Thallus of Chondrus crispus 

Extracts were prepared from the stipes, the tips of the fronds, and the whole 
thallus of Chondrus. The reducing power of preparations from the fronds, 
stipes, and thallus was 30, 36, and 33 mg of galactose respectively. The 
results indicated that x-carrageenin was evenly distributed throughout the 
whole thallus. 

No increase in reducing power was obtained when the extracts from algae 
in Table I were incubated with an agarase at pH 6.0 and pH 7.0 at 40°C 
for 24 hours. 

No increase in reducing power was obtained by the action of the «-carra- 
geenase on the following: Gelidium cartilagineum, G. coulteri, G. pristoides, 
Pterocladia pyramidale, Suhria vittata, Gracilaria confervoides, Ahnfeltia 
plicata, Membranoptera sp., Ceramium rubrum, Dilsea edulis, Agardhiella 
tenera, Halosaccion ramentaceum, Ptilota plumosa, Polysiphonia fastigiata, 
Porphyra umbilicalis, and Rhodymenia palmata. 


Discussion 


Evidence for the presence of agarose or k-carrageenin in the Rhodophyceae 
may be obtained by isolating their respective disaccharides, agarobiose and 
carrobiose. Such definitive evidence, however, requires an extended chemical 
investigation of each preparation. The use of a specific agarase and k-car- 
rageenase is a much simpler procedure. When an extract is not hydrolyzed 
by one of these enzymes there is strong evidence for the absence of the par- 
ticular polysaccharide. Enzymic hydrolysis, combined with chromatography 
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of the hydrolyzate and colorimetric analysis of the extract for galactose and 
3,6-anhydrogalactose (13), may be taken to establish the presence of the 
polysaccharide. 

As far as is known the k-carrageenase is specific for k-carrageenin. A signi- 
ficant increase in reducing power was obtained with all « fractions prepared. 
All of the red algae whose extracts were hydrolyzed by the x-carrageenase have 
a high sulphate content and the gel strength of the extracts is dependent on 
the potassium ion concentration. The disaccharide carrobiose has been 
isolated from «-carrageenin (6) and from extracts from Hypnea specifera (3). 

The results from the present experiments suggest that a polysaccharide 
similar to k-carrageenin is present in a number of red algae. The reducing 
power after enzymic hydrolysis of extracts from Gigartina christata, G. pistill- 
ata, G. radula, G. acicularis, and an Iridaea sp. indicates a low concentration 
of x-carrageenin in these algae. The extracts from these algae gave a viscous 
solution which formed a weak gel on addition of potassium ions. At present 
there is no evidence to indicate that \-carrageenin predominates in these algae. 

Algae in the second group are those in which the concentration of x-carragee- 
nin is approximately the same as that in Chondrus. The reducing power of 
extracts from Chondrus crispus, Gigartina stellata, G. stiriata, Furcellaria 
fastigiata, Endocladia muricata, and Rhodoglossum affine varied between 18 mg 
and 45 mg of galactose. 

A third group, inclusive of Hypnea musciformis and Yatabella sp., showed a 
reducing power of 55 mg galactose. This evidence suggests that x-carrageenin 
is the major readily soluble polysaccharide in these algae. 

Stoloff and Silva (9) have collated information on the polysaccharides of 
more than 60 species of red algae. They discuss their relationship to taxonomy 
on the basis of the predominant polysaccharide. Evidence for the type of 
polysaccharide was limited to physical properties of the sols. 

The terms agar and carrageenin must now be considered to refer to mixtures 
of polysaccharides in that agar has been shown to consist of agarose’ and 
agaropectin (1) and carrageenin to be made up of « and J fractions (7). The 
ratio of these constituent polysaccharides varies from species to species and 
with season of the year. A simple physical examination of an aqueous extract 
of an alga will be unreliable in determining the presence of a specific polysac- 
charide. An example of this is Endocladia muricata (10). A 1.0% solution 
of the extract from this alga gave a weak gel. On this evidence the extract 
was called agar. However, enzyme studies indicated that this extract was 
hydrolyzed by the x-carrageenase but was not hydrolyzed by the agarase. 

Kylin (5) has classified the Rhodophyceae into seven orders distinguished 
mainly by details of reproduction. The presence or absence of agarose and 
k-carrageenin in 30 different species of red algae and the taxonomic position 
of the algae are shown in Table III. Agarose and x-carrageenin were found 
in species of the Gelidiales, Cryptonemiales, and Gigartinales. 

In the Gelidiales, agarose was present in all species of Gelidium tested and in 
species of Pterocladia and Suhria. Its presence in Acanthopeltis japonica 
may be inferred since Araki (2) isolated 3,6-anhydro-L-galactose from this alga. 


. : 
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Species of the remaining genera, Gelidiella, Beckerella, Porphyroglossum, 
Ptilophora, Acropeltis, and Gelidiocolax, should be examined. The genus 
Yatabella appears to be an exception in that its extract contains x-carrageenin. 

In the families of the Gigartinales both agarose and «k-carrageenin were 
found. Agarose was present in species of the Gracillareaceae and Phyllo- 
phoraceae. x-Carrageenin was present in species of the Furcellariaceae, 


TABLE III 
The relation between taxonomic position and type of polysaccharide in the Rhodophyceae 


Order, family, genus Species Agarose. «-Carrageenin 
BANGIOIDEAE 
Bangiales 
Bangiaceae 
Porphyra Porphyra umbilicalis 0 0 
FLORIDEAE 
Nemalionales None tested 
Gelidiales 
Gelidiaceae Eleven genera 
2. Gelidium G. cartilagineum + 0 
G. coultert + 0 
G. pristoides + 0 
4. Pterocladia P. pyramidale + 0 
5. Suhria S. vittata + 0 
10. Yatabella Yatabella sp. 0 + 
Cryptonemiales 
Dumontiaceae Fourteen genera 
Dilsea D. edulis 0 0 
Endocladiaceae 
1. Endocladia E. muricata 0 + 
2. Gloiopeltis G. furcata ? 
Gigartinales 
Gracilariaceae Eight genera 
Gracilaria G. confervoides -+ 0 
Furcellariaceae Three genera 
Furcellaria F, fastigiata 0 > 
Solieriaceae Fourteen genera 
Agardhiella A, tenera tt) 0 
Hypneaceae Three genera 
Hypnea H. musciformis 0 + 
Phyllophoraceae Five genera 
Ahnfeltia A, plicata + 0 
Gigartinaceae Five genera 
Chondrus C. crispus 0 + 
Iridaea I. capensis 0 0 
Iridaea sp. 0 + 
Rhodoglossum R. affine 0 = ig 
Gigartina G. stellata 0 + 
G. acicularis 0 + 
G. radula 0 + 
G. pistillata 0 + 
G. christata 0 + 
G. stiriata 0 + 
Besa No species tested 
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TABLE I1I—Concluded 


Order, family, genus Species Agarose «-Carrageenin 
Rhodymeniales 
Rhodymeniaceae 
Halosaccion H. ramentaceum 0 0 
Rhodymenia R. palmata 0. 0 
Ceramiales 
Ceramiaceae 
Ceramium C. rubrum 0 0 
Ptilota P. plumosa 0 0 
Delesseriaceae 
Membranoptera Membranoptera sp. 0 0 
Rhodomelaceae 
Polysiphonia P. fastigiata 0 0 


Hypneaceae, and Gigartinaceae. Only in the latter family were sufficient 
species analyzed to show that this polysaccharide was characteristic of the 
family. «x-Carrageenin was found in four of the five genera. The remaining 
genus Besa should be examined. 

In the Cryptonemiales, Endocladia muricata contained k-carrageenin but 
Gloiopeltis furcata yielded on degradation of its polysaccharide, agarobiose 
dimethyl acetal (4). Extracts from Gloiopeltis were not available to deter- 
mine the effect of enzymes on them. 

Neither agarose nor k-carrageenin was found in any of the Rhodymeniales 
or the Ceramiales. 

The present communication contributes evidence on the occurrence of 
agarose and x-carrageenin in 30 species of six of the seven orders of the Rhodo- 
phyceae. This evidence and the technique employed may be useful as an 
additional criterion in the classification of the Rhodophyceae. It has im- 
mediate practical application as a method of distinguishing between agaro- 
phytes and carrageens. It points to deficiencies in our knowledge of the poly- 
saccharides of numerous species. 
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DISSEMINATION OF VERTICILLIUM ALBO-ATRUM ON SEED 
OF SUNFLOWER (HELIANTHUS ANNUUS)! 


W. E. SackstTon AND J. W. MARTENS 


Abstract 


Sunflower seed harvested from diseased plants in a Verticillium nursery in 
Manitoba, surface-sterilized and plated on potato sucrose agar, gave rise to 
colonies of Verticillium albo-atrum Reinke and Berth. Microsclerotia of the 
organism were confined to the hull and testa of the infested seeds. The fungus 
was not found in any portion of the seed inside the testa. Approximately 50 per 
cent of the infested seeds germinated on the agar plates; the rest apparently were 
dead. Symptoms typical of Verticillium infection developed in sunflower plants 
in a plot on clean soil sown with seed harvested from diseased plants in a Verticil- 
lium nursery. No diseased plants were found in adjacent plots sown with seed 
from healthy plants. 

Failure to isolate the pathogen from seed taken from typically diseased plants 
in a farm field near the Verticillium nursery may signify that seed infestation 
occurs only under favorable circumstances. The factors predisposing to such 
infestation are not yet known. Lack of consistency in isolation of the pathogen 
from seed taken from diseased plants from various sources parallels the con- 
tradictory results obtained by workers studying seed dissemination of V. a/bo- 
atrum in other crops. 


Introduction 


The disease of sunflowers (Helianthus annuus L.) induced by Verticillium 
albo-atrum Reinke and Berth. is important in Manitoba, where it is called 
“leaf mottle’’, and also occurs in Russia, Siberia, Africa, and South America 
(20, 21). The same pathogen also attacks an extremely large range of other 
hosts. In his 1931 monograph Rudolph (17) listed over 120 species of plants 
in 35 unrelated families in 18 orders that were attacked by V. albo-atrum. 
More recently Engelhard (6), who excluded all records referring only to 
Verticillium sp. or to Verticillium wilt, listed over 355 species of plants, in 
more than 160 genera, that have been recorded as hosts of either V. a/bo-atrum 
or V. dahliae Kleb. These two specific designations have been shown by 
various workers to be synonymous (13, 17). The geographic distribution of 
V. albo-atrum is as impressive as its host range. Engelhard (6) listed all the 
hosts reported in the United States; the only records from other countries 
included in his list are for hosts not known to be attacked in the United States. 
Even with this limitation, he included records from North, Central, and South 
America, from nine countries in Europe, two in Asia, and two in Africa, and 
from Australia and New Zealand. As many of the hosts attacked by V. albo- 
atrum in the United States are also attacked in other parts of the world, the 
geographic distribution of the pathogen is indeed wide. 

The occurrence of V. albo-atrum and related forms throughout the world 
may be explained in one of two ways. Either the fungus is naturally 
ubiquitous and is normally present in the soil in most countries, or else it has 
been introduced into new areas from sources in the same or other countries. 

‘Manuscript received April 6, 1959. 
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As V. albo-atrum is primarily a soil-infesting, root-invading pathogen, which 
produces delicate, thin-walled spores, it is more likely to survive transportation 
over long distances with seed or other plant parts than by wind or other 
agencies. 

Various investigators have reported observations and experiments on the 
dissemination of V. albo-atrum by seed of several host plants, with contradic- 
tory results. The pathogen was shown to be carried by seed of eggplant 
(5,9, 15), tomato (9, 25), and cotton (1, 2, 23, 24). It was suspected, although 
not demonstrated, on cotton seed in Greece (10, 11, 22) and in Arizona (3). 
It was proved that transmission by seed either did not occur or was unlikely, 
for seed of eggplant (4, 7, 8), for tomato (18), and for cotton (13, 19). An 
extensive, recent, annotated list of seed-borne diseases includes references to 
V. albo-atrum from seed of A pium graveolens and Allium spp. in Canada, and 
V. dahliae from seed of Carvum carvi in Holland (12). 

This paper presents the results of experiments with seeds of sunflowers and 
an attempt to explain some of the contradictory results reported by others. 


Experiments and Results 


Before the causal agent of leaf mottle in Manitoba was identified, efforts 
were made to learn if the disease was transmitted by seed. Seeds collected 
from heads of sunflower plants with typical leaf mottle symptoms were sown 
in plots at Winnipeg. No leaf mottle symptoms were recognized in the 

, plants which grew in the plots. 

: After the causal agent was demonstrated (21), seed was collected in 1956 
from diseased plants in a heavily infested leaf mottle nursery near Winkler, 
Manitoba, and was sown in plots at Winnipeg in 1957. The seeds had been 
attacked by insects in the field and in storage. Only four plants grew in a 
plot in which more than 1000 seeds were sown, and none of the four developed 
leaf mottle symptoms. 

In 1958 clean plots (that is, plots apparently free of V. albo-atrum) at 
Winnipeg were sown with seed collected from diseased plants of the varieties 
Advance and Beacon grown in the leaf mottle nursery near Winkler in 1957, 
and adjacent plots were sown with seed of the same two varieties produced 
in an area free of leaf mottle. Approximately 500 plants were produced in 
each of the two plots sown with ‘‘leaf mottle seed’’, and about 150 plants in 
each of the check plots. When the plots were examined at full bloom in 
mid-August, no trace of leaf mottle symptoms was found. When they were 
examined again September 12, the check plots were free of leaf mottle, but a 
plant with characteristic symptoms, as shown in Fig. 1, was found in the 
Advance plot from “leaf mottle seed’’, and three were seen in the plot of 
Beacon. Samples were taken from all portions of the Advance plant, surface- 
sterilized in a solution of sodium hypochlorite, and plated on potato sucrose 
agar. Typical colonies of V. albo-atrum grew from all tissues from the base 
to the head of the plant. Isolations from the head were particularly interesting. 
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Sunflower plant with leaf mottle symptoms. 


Fic. 1. 


761 


762 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


Typical colonies grew not only from pieces of the receptacle, but also from 
one immature seed with adhering calyx, and from one fully formed seed. 
This was the first positive demonstration that the pathogen reached and 
infested sunflower seed in the growing plant. 

Four days after the first diseased plant was sampled, every plant in the 
“leaf mottle seed’’ plots was examined critically, and all plants with any 
symptoms that could possibly be confused with those of leaf mottle were 
sampled and plated. One additional plant with possible leaf mottle symptoms 
was found in the Advance plot from diseased seed. Three plants with definite 
symptoms and five with suspicious symptoms were collected in the Beacon 
plot from diseased seed. Some plants with yellowed leaves were sampled as 
checks from the plots sown with healthy seed. V. albo-atrum was isolated 
from the three Beacon plants with definite leaf mottle symptoms, but from 
none of the other plants plated. This constituted the first definite proof 
that seed taken from sunflower plants attacked by V. a/bo-atrum could transmit 
the disease when such seed was sown in soil free of the pathogen. 

Efforts made prior to 1958 to isolate the pathogen from seed of sunflowers 
affected by leaf mottle all gave negative results. After seed transmission 
of the disease was demonstrated in field plots in 1958, seed examination 
experiments were resumed. 

Seed collected in 1958 from plants with severe leaf mottle symptoms in the 
nursery near Winkler was used in tests to determine a satisfactory method 
of surface-sterilization for the recovery of V. albo-atrum. Lots of 100 seeds 
each were plated on potato sucrose agar: directly, without any treatment; 
after washing for 8 to 9 hours in running water, with no subsequent chemical 
treatment; after washing, and treatment for 1 minute in hypochlorite solution 
with about 2% free chlorine; without washing, but with treatment in hypo- 
chlorite sidan for 1, 2, or 3 minutes. The results are given in Table I. 
Surface sterilization for 1 minute in hypochlorite without previous washing of 
the seed, which permitted the isolation of V. albo-atrum from as high a per- 
centage of the seed as did any other treatment, was adopted as standard in 
subsequent seed platings. 


TABLE I 


Effect of surface sterilization on the isolation of V. albo-atrum from sunflower seed 


V. albo- atrum, Miscellaneous Bacteria, No fungi or 

Treatment fungi, [ot % bacteria, 
Untreated — Completely 

overgrown 

Washed 8 hr in water — 66 50 — 
Washed, hypochlorite 1 min 10° 60 1 31 
Hypochlorite 1 min 13 34 1 45 
Hypochlorite 2 min 15 35 _— 26 
Hypochlorite 3 min 13 40 —_— 38 


*Percentage based on 100 seeds for all lots except *, which consisted of 300 seeds in each case. 
tMiscellaneous fungi in the various tests included Alternaria sp., mostly A. tenuis; and Aspergillus, Botrytis, 
Chaetomium, Cladosporium, Fusarium, Mucor, Penicillium, Rhizopus, and some unidentified colonies. 
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The colonies of V. albo-atrum arising from the seeds were mycelial plus 
microsclerotial type, indistinguishable from those isolated from other diseased 
plant tissues, and the fungus from the seeds agreed with the published descrip- 
tions of the pathogen (13). Typical conidiophores of seed-borne V. albo- 
atrum are shown in Fig. 3. The pathogenicity of the seed-borne organism 
was demonstrated by inoculations on sunflower seedlings in the greenhouse. 
An inoculated seedling with typical Verticillium wilt symptoms is shown 
in Fig. 2. 


Fic. 2. Sunflowers seedlings in greenhouse; healthy plant on left, typical Verticillium 
wilt symptoms on right. 
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Remnant lots of seed of Advance and Beacon, harvested in the leaf mottle 
nursery in 1957 and used to sow the Winnipeg plots in 1958, were surface- 
sterilized and plated. Lots of clean seed of both varieties and of the variety 
Sunrise were plated as checks. The results are given in Table II. Because 
the amount of seed obtained from severely diseased plants in the leaf mottle 
nursery was limited, seed collected in 1958 from plants with leaf mottle 
symptoms in a farm field near the nursery area was plated to determine if it 
could be used in experiments in which seed naturally infected with V. albo- 
atrum was required. A remnant of the seed harvested in the leaf mottle 
nursery in 1956, which had produced only four plants when sown in plots at 
Winnipeg in 1957, was also included in the plating tests. The results of these 
platings are given in Table II. V. albo-airum was not isolated from any 
seeds collected from apparently healthy plants. It could not always be 
isolated from seed collected even from severely diseased sunflower plants. 

Germination of the seed on agar was fairly vigorous in all samples except 
the one collected in 1956 in the leaf mottle nursery; not one seed of this lot 
germinated, confirming the results of the field test in 1957. The germination 
in the other samples varied from about 65 to 75%. It was particularly in- 
teresting to note that approximately half of the seeds which gave rise to 
V. albo-atrum cultures germinated normally. There seemed to be little 
correlation between the presence or absence of the pathogen and the ability 
of the seed to germinate. It was also interesting to note that the pathogen 
survived 16 months of storage in an unheated building, which was very hot 
in the summer and very cold in the winter. 


TABLE II 


Incidence of V. albo-atrum on various lots of sunflower seed 


V. albo-atrum, Miscellaneous Bacteria, No fungi or 
Seed lot %* fungi % bacteria, “% 
1956 leaf mottle nursery — 15 2 84 
1957 leaf mottle nursery 
Advance early 3 86 7 9 
Advance late if 61 7 27 
Beacon early — 70 13 22 
Beacon late 3 70 15 18 
1957 healthy 
Advance — 8 1 91 
Beacon — 71 1 28 
Sunrise 9 — 91 
1958 leaf mottle, farm field 46 56 


*Percentage based on 100 seeds for all lots except ¢, which had 200 seeds, and ®, which had 400 seeds. 


The seed of Advance and Beacon harvested in the leaf mottle nursery 
in 1957 came from an experiment designed to show the effect of early and 
late dates of seeding on the severity of leaf mottle symptoms. As seed of 
both varieties was available from plots sown at each date, an experiment 
was made to see if there was any difference in the incidence of V. albo-atrum 
in the seed, as a result of differences in date of sowing. Three per cent 
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Fic. 3. Photomicrograph of whorled conidiophores of V. albo-atrum from an infested 
sunflower seed on agar. 


Fic. 4. Microphotograph of inner surface of hull of sunflower seed infested with 
V. albo-atrum, with mycelium and numerous microsclerotia. 
Fic. 5. Microphotograph of sunflower seed infested with V. albo-atrum with numerous 
microsclerotia on testa, and clean cotyledon. 
Fic. 6. Photomicrograph of longitudinal section of sunflower seed infested with 
V. albo-atrum showing microsclerotia in hull and testa, and clean cotyledon. 
Sackston and Martens—Can. J. Botany 
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of the seeds of Advance from early-sown plots yielded V. albo-atrum, and 
7% from the late-sown plots. The pathogen was not isolated from any 
seeds of Beacon from the early plots, but grew from 3% of the seed from the 
late-sown plots. Although the number of samples available for testing was 
too small for generalization from the results, the trend to higher infestation 
of seed from late-sown plots is interesting. It apparently reflects the greater 
severity of the disease in the late-sown plots. 

Seed from late-sown sunflowers tends to be lighter and smaller than seed 
from early-sown plants. Seed from plants with severe leaf mottle symptoms 
also tends to be lighter and smaller than seed from healthy plants. To see 
if there was any apparent correlation between seed size and weight and 
incidence of V. albo-atrum in seed harvested in the leaf mottle nursery in 1958, 
200 cleaned seeds and 200 of the light chaffy seeds removed in cleaning were 
surface-sterilized and plated. Twelve and one half per cent of the cleaned 
seed, and 163% of the chaffy seed, gave rise to colonies of V. albo-atrum. 

It was considered important to determine if V. albo-atrum is borne internally 
or superficially in sunflower seeds. The hulls were carefully removed from 
seeds which had given rise to colonies of the pathogen on agar. Mycelium 
had developed profusely on the interior surface of the hull (Fig. 4) and micro- 
sclerotia were numerous both on the hull and on the testa, as shown in Figs. 4 
and 5. When the testa was removed from the seeds, including those which 
failed to germinate, the cotyledons appeared to be clean and free of the 
pathogen, as shown in Fig. 5. 

To find if the fungus was localized in the hull or in the testa, seeds from the 
1958 leaf mottle nursery were washed for 8 hours in running water, dried, and 
carefully dehulled. No microsclerotia were seen when the dehulled seeds 
and the hulls were examined microscopically. One hundred seeds which 
had not been dehulled (whole seeds), 100 dehulled seeds, and 100 hulls (a 
large fragment of hull from each seed) were surface-sterilized and plated. 
V. albo-atrum grew out from 9% of the whole seeds, from none of the dehulled 
seeds, and from 4% of the hulls. No microsclerotia developed even on those 
hull fragments that gave rise to the pathogen. 

Germinated and ungerminated seeds which had given rise to colonies 
of V. albo-atrum were killed and fixed in Bouin's solution and were imbedded 
in paraffin, using the ethanol series. Serial sections were cut 15 and 10 
microns thick, stained with safranine and fast green, and mounted in euparal. 
Microsclerotia were found in large numbers in some of the sections. They 
were all located on and in the tissues of the hull and of the testa; no micro- 
sclerotia were found on the inner surface of the testa or on the cotyledons, 
as shown in Fig. 6. 

Discussion 

The results reported above add sunflowers to the small list of documented 

examples of seed transmission of V. albo-atrum. Some of the results appear 


as contradictory as some of the statements in the literature on seed dissemina- 
tion of the pathogen. There seems to be no reason why the fungus could be 
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isolated easily from seeds taken from diseased sunflower plants in a leaf 
mottle nursery area, yet was not recovered from seed of similarly diseased 
plants collected in a neighboring farm field. Differences in severity of the 
disease did not seem to be the reason for the difference in seed infestation. 
The plants harvested in the farm field were more severely diseased than the 
plant grown from infested seed at Winnipeg in 1958, yet it gave rise to the 
pathogen both from immature and from fully formed seeds. This inconsis- 
tency of seed infestation of sunflowers from neighboring fields seems very 
similar to the inconsistency of infestation of seeds of eggplant, tomato, and 
cotton, reported by various workers. All agree that the pathogen can and 
does penetrate the tissues of the receptacle. Differences of opinion exist only 
on the ability of the fungus to spread from the receptacle to the tissues of the 
seed. This ability may depend on the occurrence of favorable conditions 
at a critical stage in the development of individual host plants. The demon- 
strations by Allen (1, 2) that cotton seed can be successfully inoculated with 
V. albo-atrum, and the isolation of the pathogen from naturally infected 
cotton seed by Taubenhaus (23, 24), although isolated cases, cannot be 
summarily dismissed, nor can any of the positive proofs of seed transmission 
by other crops. The fact that the positive cases of seed transmission of 
V. albo-atrum are rare may indicate only that the conditions required for 
penetration of the fungus onto or into the seed may occur infrequently, or 
perhaps not at all in certain environments, as demonstrated in California 
(18, 19). 

Rudolph and Harrison (19) argued that even if Verticillium got into cotton 
seed and survived there, it was not truly seed borne unless such seed planted 
in “healthful soil’ produced diseased plants. Allen (2) showed that the 
pathogen, artificially introduced into cotton seed, could survive there for 
more than a year and that the seed germinated, although no diseased plants 
were produced. He believed that if seed were naturally infested it could 
carry the fungus to new areas, even if it did not give rise to diseased plants. 

V. albo-atrum borne superficially on the seed can induce disease in some 
kinds of plants. Burton and DeZeeuw (4) found that eggplant seed arti- 
ficially inoculated by being dipped in a suspension of the pathogen produced 
diseased plants, even though naturally infected seed did not. Superficially 
infested potato tubers produce a higher proportion of plants with Verticillium 
wilt than do tubers with infection in the vascular system (16). Although no 
sunflower seed .known to be carrying the pathogen within the embryo or 
endosperm was available for comparison, seed with the fungus external to the 
testa gave rise to diseased plants in clean soil at Winnipeg. 

Approximately half of the sunflower seeds carrying V. albo-atrum germinated 
normally on agar in petri dishes. Even in the seeds that failed to germinate 
the fungus appeared to be confined to the hull and the testa. It is possible, 
although no material was available to test this hypothesis, that if the fungus 
reached the seed sufficiently early during its development to invade the embryo 
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or endosperm, the seed might fail to germinate. If the seed were killed by 
such invasion before attaining normal size, it would likely be light and would 
be removed with the chaff during the normal threshing process. If it were 
heavy enough to stay with the clean seed, it could carry the pathogen to new 
areas where it might become established in the soil even if the infected seed 
did not give rise to a diseased plant. If the internal infection of the seed 
occurred relatively late, it might not kill the seed but might give the fungus a 
chance to develop early and rapidly in the growing plant. Such early develop- 
ment might induce the sort of symptoms that occur in heavily infested soil, 
stunting and premature death. 

When the fungus is carried outside of the testa, the seedling can be expected 
to develop free of early symptoms. As the initial, very limited amount of 
inoculum increases on the hull, which usually remains in close proximity 
to the seed, it may spread and initiate infection of the roots or hypocotyl. 
Such infection, developing slowly, would likely not induce symptoms until the 
plant reached full size, at or about flowering time. 

Symptoms of leaf mottle, the most characteristic form of Verticillium 
disease of sunflowers, usually develop at or about the flowering stage in 
farm fields in Manitoba. In the plot at Winnipeg where the disease was 
proved to be seed borne in 1958, no symptoms were apparent in August, but 
they were conspicuous after full flowering in September. Superficial infesta- 
tion of sunflower seed by V. a/bo-atrum may be more effective in dissemination 
of the pathogen than internal infection would be. Superficial infestation 
of the seed definitely can induce infection of the resulting plants, but as such 
infection is likely to develop more slowly than it would from internally in- 
fected seed, the affected plants are more likely to reach maturity and to pro- 
duce seed, some of which may in turn be infested. 

The practical consequences of the proof that sunflower seed can disseminate 
V. albo-atrum are fairly obvious. Sunflowers are an important crop, sown on 
large areas in Eastern Europe, U.S.S.R., and South America, and on a lesser 
scale in North America, Africa, Asia, Australia, and New Zealand (14). 
The seed enters into international commerce, some of which is already regu- 
lated by quarantines and embargoes. Countries in which Verticillium 
diseases have not yet been reported on any plants, but which must import 
sunflower seed for sowing rather then for oil extraction, may find it necessary 
to request certificates of freedom from Verticillium infection in the crop from 
which the seed was produced. Sunflower growers in countries in which the 
disease occurs, but whose farms are still free of the pathogen, will need to be 
assured that the seed they buy is not infested. 

It will also be necessary to determine if the seed-borne fungus can be 
controlled by seed treatments. Experiments designed to find possible methods 
of controlling the pathogen on sunflower seed have already been made in the 
laboratory and greenhouses at Winnipeg. Preliminary results have been 
encouraging. Further tests will be made in field plots in 1959. 
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NOTES ON FUNGI FROM NORTHERN CANADA 
IV. TRICHOLOMATACEAE! 


Howarp E. BIGELOW 


Abstract 


Among the many fungi collected in northern Canada by government biological 
survey parties are agarics belonging to the Tricholomataceae. Over 100 collections 
were examined in this study. Twelve genera and 33 species are represented. 

The records of these species in northern Canada are of value in determining the 
limits of distribution. 

Myxomphalia is raised to generic rank. The following new combinations are 
proposed: Clitocybe luteovitellina, C. posti, C. septentrionalis, C. umbellifera, 
Lepista irina, Myxomphalia maura. 

In recent years, many fungi have been collected in the Canadian north 
by government biological survey parties. Among the agarics are numerous 
collections representing members of the Tricholomataceae. Most of the species 
reported in this paper are well known and of common occurrence in southern 
Canada and the northern United States. However, the limits of distribution 
in northern Canada have not been determined yet. The following records 
are a contribution to solving this problem. 

All specimens cited are deposited in the Herbarium, Botany and Plant 
Pathology Division, Science Service, Department of Agriculture, Ottawa, 


Canada. 
Clitocybe 


CLITOCYBE AURANTIACA (Fr.) Studer; Hedwigia, 40: 6. 1900. 

A single collection of the orange form was found on a log of Picea. 

Material examined: DAOM 28965, September 1, 1949, Candle Lake, 
Saskatchewan, coll. C. G. Riley and P. Herson. 


CLITOCYBE CERUSSATA var. DIFFORMIS (Fr.) Gillet sensu Bresadola, Icon. 
Mycol. 3: Pl. 143. 1928. 

This agaric is well known in the state of Washington. In 1944, Smith (17) 
published an excellent description based upon specimens found on the Olympic 
Peninsula. Since then, numerous fruitings have been observed at Mount 
Rainier National Park as well. One collection from Bowser, Vancouver Island, 
B.C. (DAOM 45005), is deposited in the Mycological Herbarium, Science 
Service, Ottawa. As far as known, the Dawson material cited below represents 
the most northern occurrence of this variety on the continent. 

Two collections (DAOM 55726, 55728) were made along a roadside, and 
the third (DAOM 55727) was from a field of high grass. According to the field 
notes, the soil was very wet at all sites, and the fungus was always found 
growing in the typical cespitose fashion. 

1Manuscript received May 6, 1959. 

Contribution from the Department of Botany, University of Massachusetts, Amherst, 


Mass. Previous articles (I, II, III) in this series have appeared under other authorship i in The 
Canadian Field-Naturalist, 68, 1-8 (1954); 69, 44-51 (1955); 72, 133-138 (1958). 


Can. J. Botany. Vol. 37 (1959) 
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Material examined: DAOM 55726 and DAOM 55728, July 24, 1949, near 
Dawson, Y. T., coll. J. A. Calder and L. G. Billard; DAOM 55727, August 
18, 1949, Dawson, Y. T., coll. J. A. Calder and L. G. Billard. 


CLITOCYBE CLAVIPES (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 124. 

A solitary carpophore was collected in an Abies woods. In general appear- 
ance, as well as in microscopic features, this specimen was typical of the 
species. The stipe was only subclavate, but this is an occasional variation 
of the species that I have noted in mass collections made in southern Ontario 
and Quebec as well as in the northeastern United States. 

Material examined: DAOM 55725, August 16, 1951, St. Anthony, Newfound- 
land, coll. D.B.O. Savile and J. Vaillancourt. 


CLITOCYBE INORNATA (Fr.) Gillet; Les Hyménomycétes. 1874. p. 155. 

Three fruiting bodies were found among mosses and on a sandy soil. 

The carpophores were apparently depauperate, with pileus 1-2.5 cm broad, 
stipe 1.5 cm long and 2 mm thick. Normal specimens of this species have 
pilei 2.5—8 cm long, a stipe 3-8 cm long and 6-15 mm thick. The other macro- 
scopic characters of DAOM 28525 were typical of the species according to 
the field data. 

The microscopic features are: spores 8-9 & 3.5—5 uw, subfusiform, smooth, 
not amyloid; basidia 28-40 X 5-8 uw, two- and four-spored; cystidia not dif- 
ferentiated; pileus tissue: cuticular hyphae cylindrical, 1-3 uw in diameter, 
tramal hyphae cylindrical, 2-6 uw in diameter, some hyphae with a finely 
encrusted pigment, clamp connections present; gill trama regular. 

Material examined: DAOM 28525, August 1, 1951, Coppermine, N.W.T., 
coll. W.I. Findlay. 


CLITOCYBE LEUCOPHYLLA (Fr.) M. Lange; Medd. Grgnland, 147(11): 30. 1955. 

M. Lange (7) observed this species on wet moss in one area of Greenland. 
On the other hand, the Gillam collection of four carpophores was made from 
humus at the edge of a house lot. 

C. leucophylla is apparently rare in North America. As far as I have been 
able to determine, the only other authentic records of its occurrence are from 
Michigan. J. E. Lange (5) described well the appearance of this species 
(as Omphalia), and M. Lange (7) has noted many of the microscopic features. 
DAOM 55724 has spores 5.5-7(—-8) X 4-5 yu, subglobose to elliptic, finely 
echinulate under oil immersion, not amyloid. Both cheilocystidia and pleuro- 
cystidia were found, although occurring in a scattered fashion. These measured 
30-60 X 7-11 mw, were smooth, hyaline, saccate, or somewhat fusoid-ventri- 
cose. DAOM 25872 has somewhat larger spores, 6-8(-11) X 6-7 mw, sub- 
globose or globose. However, some two-spored basidia as well as four-spored 
were found, which accounts for the larger spores. The cystidia measured as 
much as 62 X 13 uw. The measurements of basidia and hyphae of both col- 
lections agree with those reported for this species by M. Lange. Encrusting 
pigments on the pileus hyphae and clamp connections were present. 


‘ 
- 


BIGELOW: NOTES ON FUNGI FROM NORTHERN CANADA 771 


Material examined: DAOM 25872, July 22, 1950, Chesterfield Inlet, Dis- 
trict of Keewatin, N.W.T., coll. D.B.O. Savile and C. T. Watts; DAOM 
55724, June 15, 1950, Gillam, Manitoba. Coll. W. B. Schofield. 

Clitocybe luteovitellina (Pilat and Nannf.) comb. nov. 

Omphalia luteovitellina Pilat and Nannfeldt; Friesia, 5: 22. 1955. 

This species was known formeriy as Omphalia flava Cooke. Pilat and 
Nannfeldt (9) have discussed the unsatisfactory situation of using the 
epithet ‘‘flava,’’ and it seems desirable to follow their proposed name. 

The collections cited below were first determined as O. umbellifera. However, 
the spores are narrower (7-9 X 4-5 yw) than those of true O. umbellifera 
(7-10(-12) & 4.5-6.5(—8) mw). This difference is a generally accepted means 
of distinguishing the two species. Although information about the color of 
fresh specimens is lacking for most collections, the fruiting bodies dried 
paler than typical O. umbellifera. 

Material examined: DAOM 21536, June 17, 1948, Frobisher Bay, Baffin 
Island, N.W.T., coll. H. A. Senn and J. Calder; DAOM 21743, June 21, 1949, 
Great Whale River, Quebec, coll. D. W. Jenkins; DAOM 21806, June 26, 
1949, near West Dawson, Y. T., coll. L. G. Billard and J. A. Calder; DAOM 
21858, June 23, 1949, Great Whale River, Quebec, coll. D. B. O. Savile; 
DAOM 26686, July 22, 1950, Chesterfield Inlet, District of Keewatin, N. W. 
T., coll. D. B. O. Savile and C. T. Watts; DAOM 28422, June 20, 1951, St. 
Anthony, Newfoundland, coll. D. B. O. Savile and J. Vaillancourt; DAOM 
28451, June 14, 1951, St. Anthony, Newfoundland, coll. D. B. O. Savile and J. 
Vaillancourt. 

CLITOCYBE METACHROA (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 120. 

A solitary fruiting body was found in a white spruce woods. 

Material examined: DAOM 55723, August 20, 1950, Fort Smith, N.W.T., 
coll. C.C. Loan. 


Clitocybe postii (Fr.) comb. nov. 

Agaricus postii Fries; Monographia Hymen. Suec. 2: 291. 1863. 

Omphalia postii (Fr.) Karsten; Bidr. Finl. Nat. Folk. 32: 129. 1879. 

Omphalina postii (Fr.) Singer; Lilloa, 22: 212. 1949. 

The stipes of the carpophores of the two Fort Churchill collections are 
generally shorter (i.e. 3-4 cm) than those described for the species by Smith 
(16). However, the field notes and the following data leave no doubt of the 
identity of this material. The microscopic features are: spores 7—9(-10) X 
4.5-6(-6.5) w, elliptical, smooth, not amyloid; basidia 27-38 XK 5-9 uy, 
mostly four-spored, occasionally two-spored; cystidia not differentiated; 
pileus tissue: homogeneous, pigment intracellular, yellowish in KOH, hyphae 
mostly cylindrical, 2-10(-13) w in diameter, clamp connections absent; gill 
trama interwoven to subregular. 

Material examined: DAOM 61625, 1948, Fort Churchill, Manitoba, coll. 
J. Gillet; DAOM 21524, August 18, 1948, Fort Churchill, Manitoba, coll. 
J. Gillet. 
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CLITOCYBE PYXIDATA (Fr.) Singer; Ann. Mycol. 41:45. 1943. 

Although not frequent in occurrence, this agaric is well known and appar- 
ently widely distributed in northern regions. As Omphalina or Omphalia, C. 
pyxidata has been reported from Greenland (7; and A. Hagen, 1950, according 
to M. Lange), from Lapland (6), and Alaska as var. hepatica (10). 

Several specimens compose each of the collections cited below. In both, 
the habitat was wet mossy ground. In all respects the specimens agreed with 
the accepted characteristics of this species. It was interesting to note the occur- 
rence of occasional two-spored basidia as well as the usual four-spored type. 

Material examined: DAOM 55721, July 5, 1949, near Dawson, Y.T., 
coll. J. A. Calder and L. G. Billard; DAOM 61626, July 22, 1950, Chester- 
field Inlet, District of Keewatin, N.W.T., coll. D.B.O. Savile and C. T. Watts. 
CLITOCYBE ROBINSONIAE Murrill; North Am. Flora, 9: 400. 1916. 

C. robinsoniae, C. truncicola (Pk.) Saccardo, and C. subbulbipes Murrill are 
difficult to delimit without adequate field notes on the appearance of the 
carpophore. Unfortunately, the three species have very similar microscopic 
characteristics. Since DAOM 28966 was collected from a log of Picea, I 
believe it to be C. robinsoniae Murrill, which was described from ‘‘rotten wood 
under spruce” in Wyoming. C. truncicola and C. subbulbipes are known only 
from hardwood debris in the northeastern United States and southeastern 
Canada. 

Material examined: DAOM 28966, August 29, 1949, Candle Lake, Sas- 
katchewan, coll. H. C. Jellico. 

Clitocybe septentrionalis (Singer and Smith) comb. nov. 

Leucopaxillus septentrionalis Singer and Smith; Mycologia, 39: 726. 1947. 

In keeping with my belief that the genus Leucopaxillus should be restricted 
to those species with amyloid-warty spores, the above new combination is 
made. 

This record from the Yukon is believed to be the most northern to date. 
The type was found in Oregon, and one other record exists from southern 
Ontario (14, 15). 

Three fruiting bodies were collected on wet ground in a poplar woods. 
The habitat is worthy of note in view of the type occurring under ponderosa 
pine. The field notes with DAOM 55730 are rather generalized but agree with 
Singer and Smith’s (15) description. The microscopic characteristics also 
check, and I feel no doubt of the identity of the Yukon collection. 

Material examined: DAOM 55730, August 18, 1949, Moosehide Mt., 
Dawson, Y. T., coll. J. A. Calder and L. G. Billard. 

CLITOCYBE SQUAMULOSA (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. 
p. 223. 

This Clitocybe has not been reported as such from northern North America 
as far as I can determine, but I suspect that records of C. infundibuliformis 
(Fr.) Quélet are at least partially of C. squamulosa. Certainly, the latter is 
the most frequent Clitocybe under conifers during the spring and summer in 
northern Maine and Michigan, southern Ontario, and Quebec. Both species 
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are variable, but C. squamulosa has pileus and stipe with brownish colors 
while C. infundibuliformis has a pinkish tan pileus and pallid stipe. 

DAOM 20504 was collected in Abies woods. This habitat is typical for C. 
squamulosa but it is also prevalent under Picea and Pinus. 

Material examined: DAOM 28504, August 9, 1951, St. Anthony, New- 
foundland, coll. D.B.O. Savile and J. Vaillancourt. 

Clitocybe umbellifera (Fr.) comb. nov. 

Agaricus umbelliferus Fries; Elenchus Fung. 1828. p. 22. 

Omphalia umbellifera (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 107. 

Omphalina umbellifera (Fr.) Quélet; Enchir. Fung. 1886. p. 44. 

Clitocybe umbellifera is undoubtedly the most common of all agarics in 
northern regions of North America. As an Omphalia, it is reported from Can- 
ada by Dearness (2) and Linder (8), from Alaska in several localities by 
Saccardo, Peck, and Trelease (10). 

Most of the following 17 collections cited were made on wet moss. The 
carpophores of DAOM 27517 and DAOM 28851 were growing on rotten wood. 

Spore size was variable: 7-10(-12) X 4.5-6.5(-8) uw. Many of the col- 
lections had one-, two-, and three-spored basidia as well as the four-spored 
type. In the examination of DAOM 21745 and 21846, I found only one- and 
two-spored basidia. On the other hand, DAOM 21742 and 25862 had only 
the two-spored type. 

Material examined: DAOM 21525, July 2, 1948, Frobisher Bay, Baffin 
Island, N.W.T., coll. H. A. Senn and J. A. Calder; DAOM 21526, July 10, 
1948, same locality and collectors; DAOM 21741, 1949, Granville, Y. T., 
coll. W. W. Judd; DAOM 21742, June 23, 1949, Great Whale River, Quebec, 
coll. D.B.O. Savile; DAOM 21745, July 24, 1949, Jensen Flats, Y. T., coll. 
L. G. Billard and J. A. Calder; DAOM 21846, September 5, 1949, Great 
Whale River, Quebec, coll. D. B. O. Savile; DAOM 25862, June 13, 1950, 
Gillam, Manitoba, coll. W. B. Schofield; DAOM 26688, July 19, 1950, Chester- 
field Inlet, District of Keewatin, N.W.T., coll. D. B. O. Savile; DAOM 
27223, July 4, 1951, St. Anthony, Newfoundland, coll. D. B. O. Savile and J. 
Vaillancourt; DAOQM 27225, July 7, 1951, same locality and collectors as 
27223; DAOM 27517, August 10, 1949, Goose Bay, Labrador, coll. W. B. 
Schofield; DAOM 27735, July 30, 1950, Baffin Island, N.W.T., coll. V. C. 
Wynne-Edwards; DAOM 27865, July 17, 1951, Lower Hay River, N.W.T., 
coll. W. H. Lewis; DAOM 27901, August 5, 1950, Clyde Inlet, Baffin Island, 
N.W.T., coll. V. C. Wynne-Edwards; DAOM 28851, June 4, 1951, St. Anthony, 
Newfoundland, coll. D. B. O. Savile and J. Vaillancourt; DAOM 38599, 
June 23, 1952, Southampton Island, District of Keewatin, N. W. T., coll. 
G. Cooch; DAOM 45035, August 11, 1954, Crater Lake, near Saglak, Labrador, 
coll. J. M. Gillet. 


Collybia 
COLLYBIA CONFLUENS (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 117. 


According to the available information, the specimens appeared typical 
of the species in all respects. The spores are narrowly elliptical, attenuated, 
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and somewhat curved toward the apiculus, (6-)7—9(-10) & 2.5-4 mu, smooth, 
not amyloid. Cheilocystidia are abundant and like the type described and 
illustrated by Favre (3). 

The Fort Smith collections are noted as from damp white spruce woods. 
The Manitoba collection was made in a sphagnum bog. 

Cash (1) mentions a record of this species from Skagway, Alaska. Other 
than this, I have found no reports of C. confluens in the northern regions. 
Since this agaric usually fruits in abundance under conifers, the distribution 
is probably broader than the records indicate. 

Material examined: DAOM 25195, 26127, 26141, August 8, 1950, Fort 
Smith, N.W.T., coll. C. C. Loan; DAOM 26116, August 15, 1950, same locality 
and collector; DAOM 21915, August 1, 1946, Mayo, Y. T., coll. J. Gillett; 
DAOM 40009, July 29, 1953, The Pas, Manitoba, coll. W. Krivda. 


COLLYBIA DRYOPHILA (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 115. 

This variable Collybia is apparently as common in northern regions as in 
the more temperate areas. Hardly a paper with reports of northern agarics 
fails to mention C. dryophila. The records cited below serve to further em- 
phasize its distribution and frequent occurrence. 

Lange (7) notes specimens with spores slightly larger than normal size 
(i.e. 5-6 X 2.5-3 pw). Some of the Canadian specimens have spores of the 
normal size. I found others with spores as large as 6-8 X 3-4.5 mw, which 
confirms Lange’s observations. Two-spored basidia were not observed to 
account for this variation. 

According to field data and the appearance of the dried material, all the 
color forms of C. dryophila are found. 

Material examined: DAOM 21734, July 3, “1949, Great Whale River, 
Quebec, coll. D.B.O. Savile; DAOM 26128, August 15, 1950, Fort Smith, 
N.W.T., coll. C. C. Loan; DAOM 26130, August 18, 1950, same locality and 
collector as 26128; DAOM 27291, July 4, 1951, St. Anthony, Newfoundland, 
coll. D. B. O. Savile and J. Vaillancourt; DAOM 27297, July 6, 1951, same 
locality and collectors as 27291; DAOM 27308, July 17, 1951, same locality 
and collectors as 27291; DAOM 27309, June 19, 1951, same locality and 
collectors as 27291; DAOM 27615, July 11, 1951, same locality and collectors 
as 27291; DAOM 61618, July 11, 1950, Gillam, Manitoba, coll. W. B. Scho- 
field; DAOM 61615, June 26, 1950, Gillam, Manitoba, coll. W. B. Schofield; 
DAOM 61609, 61613, August 11, 1949, MacRae, Y. T., coll. D. A. Mitchell; 
DAOM 61611, June 14, 1950, Goose Bay, Labrador, coll. J. M. Gillett and 
W. I. Findlay; DAOM 61614, June 23, 1950, same locality and collectors as 
61611; DAOM 61617, June 17, 1950, same locality and collectors as 61611; 
DAOM 61612, July 17, 1948, Fort Churchill, Manitoba, coll. N. Webb; 
DAOM 61616, June 11, 1949, Moose Factory, Ontario, coll. D. B. O. Savile; 
DAOM 61610, June 29, 1949, Great Whale River, Quebec, coll. J. R. Vockeroth. 
COLLYBIA MACULATA (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 117. 

Three carpophores were found on the ground in an open white spruce woods. 

Material examined: DAOM 61619, August 16, 1950, Fort Smith, N. W. T., 
coll. C. C. Loan. 
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Lentinus 


LENTINUS HAEMATOPUS Berkeley; Grevillea, 1: 33. 1872. 

The identity of this unusual agaric with Lentinus suavissimus Fries is a 
problem. Singer (12) regards L. haematopus as a synonym of L. suavissimus 
and puts the latter into Panus. The two species have many similarities in the 
published descriptions and there is much in favor of Singer’s view. However, 
since Fries (4) failed to describe adequately the stipe of ZL. swavissimus, I pre- 
fer to follow Berkeley's concept until I have had the opportunity to study the 
situation more fully. 

Material examined: DAOM 28901, August 27, 1948, Dore Lake, Sas- 
katchewan, coll. W. B. Denyer. 


Lepista 

Lepista irina (Fr.) comb. nov. 

Agaricus irinus Fries; Epicr. 1836-1838. p. 48. 

Tricholoma irinum (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 132. 

Rhodopaxillus irinus (Fr.) Métrod; Rev. myc. 7: Suppl. p. 29. 1942. 

Although complete field data is lacking for this collection, the microscopic 
features and aspect of the dried specimens indicate L. trina. Spores are 
elliptical, 7.5-9(-13) X 5-6(-7) m, smooth or some very finely roughened 
under oil immersion, not amyloid; basidia (21-)30-42 X 7-10 mw, four- and 
two-spored; cystidia not differentiated; pileus tissue: cuticular hyphae cylin- 
drical, 1-3 w in diameter, tramal hyphae mostly cylindrical, at times some- 
what inflated, 3-9 uw in diameter, clamp connections present, a few scattered 
laticiferous hyphae present; gill trama regular. 

Material examined: DAOM 55729, August 14, 1951, Rampart House, Y. T., 
coll. J. E. H. Martin. 


Lyophyllum 


LYOPHYLLUM DECASTES (Fr.) Singer; Lilloa, 22: 165. 1951. 

The microscopic features are: spores 6-7 mw in diameter, globose, smooth, 
not amyloid; basidia 30-38 X 8-11 mw, four-spored, carminophilous granules 
present; cystidia not differentiated; pileus tissue: encrusting pigments absent, 
cuticular hyphae cylindrical, 2-4 w in diameter, tramal hyphae cylindrical or 
inflated, 4-17 w in diameter, clamp connections present; gill trama subregular 
to regular. 

The pileus color of L. decastes is variable, from whitish to shades of gray 
or brown. The fruiting bodies usually grow in a cespitose manner in a variety 
of habitats. 

Singer (12) has mentioned a number of names under which this fungus has 
been known. 

Material examined: DAOM 28802, September 8, 1949, Candle Lake, 
Saskatchewan, coll. W. B. Denyer; DAOM 51087, August 3, 1955, Mackenzie 
River, south of Fort Simpson I., N. W. T., coll. W. J. Cody and J. M. Matte; 
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DAOM 51100, August 10, 1955, Fort Simpson, N. W. T., coll. W. J. Cody and 
J. M. Matte; DAOM 51104, August 1, 1955, same locality and collectors as 
51100. 


LYOPHYLLUM LORICATUM (Fr.) Kiihner; Bull. Soc. Linn. Lyon, 7: 211. 1937. 

The examination of the following collections of L. loricatum has revealed 
that the dark brown color of the pileus is due to a finely encrusted pigment on 
the cuticular hyphae. The pigment of ZL. decastes is apparently intercellular 
or intracellular. Since the other characteristics of these two species are very 
similar, the manner of pigment distribution may prove a convenient means 
for distinguishing the two. 

Material examined: DAOM 21715, August 1, 1949, Mayo, Y. T., coll. J. 
Calder et al.; DAOM 51098, August 12, 1955, Fort Simpson, N. W. T., coll. 
W. J. Cody and J. M. Matte. 


Melanoleuca 


MELANOLEUCA MELALEUCA (Fr.) Murr.; Mycologia, 3: 167. 1911. 

At Great Whale River, a solitary fruiting body was found on sandy soil 
in grassland. The Fort Smith collection consisted of two fruiting bodies. 
These were growing on damp, shaded ground in a white spruce woods. 

The microscopic characteristics are: spores 8-10 X (5-)6-7 uy, elliptical, 
ornamentation warty and amyloid; basidia 25-40 X 7.5—11 yw, four-spored; 
cystidia: cheilocystidia and pluerocystidia present, fusoid-ventricose, crystals 
present on apex, smooth below, 45-77 uw long, ventricose portion 10-19 w in 
diameter; pileus tissue: cuticle brownish, pigment in the cell contents or 
as very fine encrustation, hyphae cylindrical, 3-6 wu in diameter, trama hyaline, 
hyphae mostly cylindrical, at times somewhat inflated, 5—-10(-15) w in diam- 
eter, clamp connections absent, numerous thick-walled and refractive hyphae 
scattered through trama; gill trama nearly parallel, broad, hyaline. 

Material examined: DAOM 61620, August 15, 1950, Fort Smith, N. W. T., 
coll. C. C. Loan; DAOM 61621, September 9, 1949, Great Whale River, 
Quebec, coll. D. B. O. Savile. 


Mycena 


The following species of M/ycena are well described in Smith (16). As far 
as can be determined, the collections were typical of the respective species. 
All were collected on moss and needles under Picea. 

MYCENA DELICATELLA (Pk.) A. H. Smith, North American Species of Mycena. 
1947. p. 161. 

Material examined: DAOM 55732, July 24, 1949, Great Whale River, 
Quebec, coll. D. B. O. Savile. 

MYCENA ELEGANTULA Peck; Bull. Torrey Botan. Club, 22: 199. 1895. 

Material examined: DAOM 55731, August 9, 1951, St. Anthony, Newfound- 
land, coll. D. B. O. Savile and J. Vaillancourt. 
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MYCENA GRACILIS (Quél.) Kiihner, Encyclopédie Mycol. 10: 650. 1938. 
Material examined: DAOM 55733, July 20, 1949, Great Whale River, 
Quebec, coll. D. B. O. Savile. 


MyceNA PURA (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 107. 
Material examined: DAOM 55722, August 1, 1949, Great Whale River, 

Quebec, coll. D. B. O. Savile. 

MYCENA STANNEA (Fr.) Quélet, Champ. Jura et Vosges, 1872. p. 242. 
Material examined: DAOM 55734 and 61622, August 7, 1950, Fort Smith, 

N.. W. T., cot C..C.. Lean. 


Genus Myxomphalia (Kiihner) status nov. 


Myxomphalia Kiihner, ut sect. Mycenae; Le Genre Mycena, Encyclopédie 
Mycol. 10: 535. 1938. 

Myxomphalia (Kiihner) Singer, ut subgenus Fayodia; Das System der 
Agaricales, II]. Ann. Mycol. 41: 62. 1943. 

Fayodia Kiihner as interpreted by Singer (11) consists of three subgenera: 
Fayodia, Myxomphalia, and Clitocybula. In 1954, Singer (13) removed the 
subgenus Clitocybula and placed it at generic level. Separation of subgenus 
Myxomphalia from Fayodia is also warranted. The spores of Agaricus maurus 
Fries, type of subgenus Myxomphalia, are amyloid, smooth, or with 
minute scattered warts. The spores of Fayodia bisphaerigera (Lange) WKiihner, 
type of the genus, are quite different. The wall is compound and consists of 
three layers: the outer is smooth and amyloid, the next is thickened with 
minute pores which give a falsely echinulate appearance, the innermost is 
smooth. The two inner layers are not amyloid. Fayodia should be restricted 
to species having this type of spore. Smith (18) has already expressed this 
opinion. 

Type species: 
Myxomphalia maura (FIr.) comb. nov. 

Agaricus maurus Fries; Syst. Mycol. 1: 168. 1821. 

Omphalia maura (Fr.) Gillet; Les Hyménomycétes. 1874. p. 290. 

Omphalina maura (Fr.) Quélet; Enchir. Fung. 1886. p. 42. 

Mycena maura (¥Fr.) Wiithner; Encyclopédie Mycol. 10: 535. 1938. 

Fayodia maura (Fr.) Singer; Ann. Mycol. 41: 62. 1943. 

This species was fruiting in cespitose clumps on sandy soil amongst Elymus 
arenarius, apparently at an old campsite. There are approximately twenty- 
five carpophores in the dried material, and they appear to have grown in 
clusters of two to five. All other features check with material I have examined 
from the United States. 

Material examined: DAOM 61624, July 26, 1949, Great Whale River, 
Quebec, coll. J. R. Vockeroth. 

Pleurotus 


PLEUROTUS OSTREATUS (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 105. 
Two-spored basidia were formed more frequently than four-spored ones 
in all three collections. This undoubtedly accounts for the wide range in spore 


| 
H 


778 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


size, 8-13 X 3-5 uw. DAOM 24999 and 28465 were collected from decaying 
wood of Populus sp. The occurrence of DAOM 51106 on a stump of Picea 
mariana is unusual. 

Material examined: DAOM 24999, August 7, 1950, Salt Plains, N. W. T., 
coll. C. C. Loan; DAOM 28465, August 14, 1951, Rampart House, Y. T., coll. 
J. E. Martin; DAOM 51106, August 3, 1955, on mainland near Fort Simpson 
I., N. W. T., coll. W. J. Cody and J. M. Matte. 


PLEUROTUS ULMARIUS (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 105. 
(ss. auct. Amer. non Kiihner) 

This species was fruiting at the base of Populus sp. Spores are 3.5-5.5 X 
3.5-4.5 wu, globose or subglobose, smooth, not amyloid; basidia four-spored, 
acetocarmine test negative. 

Material examined: DAOM 25202, August 17, 1950, Fort Smith, N. W. T., 
coll. C. C. Loan. 


Tricholoma 


TRICHOLOMA FLAVOBRUNNEUM (Fr.) Kummer; Fiihrer in die Pilzkunde. 
1871. 130. 
The three collections of this 7richoloma were found on needle beds under 
Abies. 
Material examined: DAOM 28402 and 28410, August 9, 1951, St. Anthony, 
Newfoundland, coll. D. B. O. Savile; DAOM 28407, August 16, 1951, same 
locality and collector as above. 


TRICHOLOMA VACCINUM (Fr.) Kummer; Fiihrer in die Pilzkunde. 1871. p. 133. 
One clump of three fruiting bodies was collected on the ground in a damp, 
white spruce woods. 
Material examined: DAOM 61627, Aug. 19, 1950, Fort Smith, N. W. T., 
coll. C. C. Loan. 


Tricholomopsis 


TRICHOLOMOPSIS RUTILANS (I’r.) Singer; Schweiz. Z. Pilzk. 17: 56. 1936. 
The spores of DAOM 26699 measured 5.5-9 X 4.5-6.5 w. One- and 
two-spored basidia are present as well as normal four-spored ones. Other 
descriptive features were typical of the species. 
Material examined: DAOM 26699, July 28, 1950, Gillam, Manitoba, 
coll. W. B. Schofield. 


Xeromphalina 


XEROMPHALINA CAMPANELLA (Fr.) Kiihner and Maire, Bull. Soc. Mycol. 
France, 50: 18. 1934. 

The description of this common agaric on decaying coniferous wood is well 
known (see Smith, A. H. (19)). The following collections provide additional 
records of the species’ distribution in northern regions. 

Material examined: DAOM 21271, June 5, 1948, Goose Bay, Labrador, 
coll. H. A. Senn; DAOM 21740, June 17, 1949, Moosehide Mt., Dawson, Y.T., 
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coll. W. W. Judd; DAOM 25024, June 1950, Goose Bay, Labrador, coll. J. M. 
Gillet and W. I. Findlay; DAOM 26687, June 12, 1950, same locality and 
collectors as 25024; DAOM 27226, July 27, 1951, St. Anthony, Newfoundland, 
coll. D. B. O. Savile; DAOM 51097, June 3, 1955, Fort Simpson, N. W. T., 
coll. W. J. Cody and J. M. Matte. 
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THE RELATION OF BARK MOISTURE TO THE DEVELOPMENT 
OF CANKER DISEASES CAUSED BY NATIVE, 
FACULTATIVE PARASITES 
2. FUSARIUM CANKER ON BLACK COTTONWOOD! 


Joun E. Brier? 


Abstract 


A close correlation was found to exist between the development of a bark 
canker in nursery-grown Populus trichocarpa Torrey and Gray, caused_by 
Fusarium lateritium Nees., and the moisture content of the living bark. W hen 
bark moisture was expressed as a percentage of the amount of water required to 
saturate the sample under experimental conditions, relative turgidities of 80% 
or more inhibited canker development which, however, occurred normally at 
lower percentages. Studies of the epidemiology of Fusarium canker in the 
nursery afforded evidence in support of the limiting effect of bark moisture on 
canker development. Thus during the dormant season of 1957-58, the monthly 
average temperature was higher than the minimum temperature for the growth 
of F. lateritium on potato dextrose agar, and the relative turgidity did not reach 
the inhibiting value of 80%. Cankers continued to develop throughout this period. 
During the growing season while temperatures were still more favorable for 
fungus development, no extension of cankers occurred in the nursery trees, 
apparently because, during the growing period, the relative turgidity was in 
excess of 80%. Canker development was prevented during the winter by placing 
dormant cuttings in water, which likewise increased the moisture content of the 
bark above the 80% level. 

During the dormant season the bark of field-grown black cottonwoods main- 
tained relative turgidity values of approximately 80% or higher and the disease 
could not be found on these trees. 


Introduction 


West Tree Farms Limited, Vancouver, has established a poplar nursery 
to provide the growing stock for planting areas in the Fraser Valley, B. C. 
A major objective of the program is to grow poplars which will yield logs 
suitable for manufacture into plywood on short rotation. 

During the winters of 1957 and 1958 it was observed that losses were occur- 
ring in nursery stock and in stored cuttings of black cottonwood from a canker 
disease with the associated fungus Fusarium lateritium Nees.’ Numerous 
cankers in an active, growing condition could be found on a single stem, the 
lesions originating at nodes and lenticels. Growth of F. /ateritium occurred 
in plate cultures placed outdoors during each month of the dormant season 
of 1957-58. It is evident that the climate of Vancouver is favorable to the 
growth of F. lateritium during the winter when the bark tissues of black cotton- 
wood are low in moisture and are in a dormant condition. 

1Manuscript received May 13, 1959. 

Contribution from the Faculty of Forestry (Research Paper No. 26), and the Department 
of Biology and Botany, University of British Columbia, Vancouver 8, B.C. Financial support 
for this project was granted by the National Research Council of Canada, Western Plywoods 
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Dr. W. L. Gordon, Plant Pathology Laboratory, Science Service, Canada Department 
of Agriculture, Winnipeg, Manitoba, identified the fungus as Fusarium lateritium Nees. 
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In June, 1958, Fusarium canker was found in a recently established plan- 
tation. Examination of the diseased trees indicated a condition of internal 
moisture stress arising from active shoot development without a corresponding 
root development. Bark moisture readings from the diseased trees were similar 
to those obtained from dormant material. Growth of the cankers could be 
inhibited by cutting the infected shoots below the cankered areas, and placing 
the freshly cut ends in water. An appreciable rise in bark moisture coincided 
with this cessation in canker growth. 

An interesting observation on Fusarium canker is that the disease has 
been found neither in well-established plantations of black cottonwood nor 
in field trees of this species. This suggests that nursery conditions and prac- 
tices are predisposing the trees to this disease. 


Literature Review 


In studies on the relation of bark moisture to the development of Cryto- 
diaporthe canker on willow (2) reference was made to several papers (3, 4, and 
5) which outline the results of correlating the incidence and intensity of canker 
diseases on poplar caused by facultative parasites, with seasonal, climatic, 
or soil factors. In this previous work one factor that appears in common is the 
possibility that the canker diseases developed, for the most part, when the 
bark tissues of the infected trees were low in moisture. 

The results of the studies on Cryptodiaporthe canker (1, 2) demonstrated 
a close correlation between the relative turgidity of willow bark and the 
development of the disease, the fungus invading bark tissues only when the 
relative turgidity was below 80% (2). During the dormant season the relative 
turgidity of the bark of field willows fell below 80° and: thus they were 
susceptible to Cryptodiaporthe canker. Relative turgidity values of the bark 
during the growing season, on the contrary, were above 80°, which indicated 
that it should be resistant to the disease. Studies on the development of the 
disease in the field agreed with these findings. 


Objectives of the Study 


The results obtained from the studies on Cryptodia porthe canker (2) suggested 
that similar methods of investigation would be of value in a study of Fusarium 
canker on black cottonwood. A close correlation between the relative tur- 
gidity of the host bark and the development of Fusarium canker would suggest 
the possibility of using relative turgidity values as indices of the susceptibility 
or resistance of cuttings, seedlings, and larger trees to this disease. In the 
nursery, a knowledge of the seasonal changes in the relative turgidity of the 
bark together with a determination of the level which inhibits disease develop- 
ment might prove of value to: 

(1) a determination of a suitable time to harvest cutting stock, 
(2) the establishment of proper conditions for the storage of cuttings. 
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Methods of Investigation 


Bark Moisture Determinations 

Experiments indicated that measuring water on a basis of the relative 
turgidity of the bark tissues would overcome the factors related to varying 
specific gravity among the samples taken from different cuttings and trees. 
Relative turgidity of bark as used in this work is the initial amount of water 
in the sample expressed as the percentage of the water present in the same 
bark tissues when they are completely saturated. 

The methods of determining relative turgidity and preparing the burned 
wound inoculations were the same as those described in the previous studies 
on Cryptodiaporthe canker (2). 


Experimental Results 


The experiments outlined are representative of many which have been 
investigated to determine the correlation between the relative turgidity of 
the bark of 1-year-old shoots of black cottonwood from the nursery with the 
development of Fusarium canker. The water/dry weight values for bark 
moisture were also determined. All of the cuttings used in one experiment 
were derived from a single root system. The cuttings were taken from the 
basal half of the major shoots since such material was most likely to survive. 

Conidia of F. lateritium developed on the inoculation wounds and cankers 
within one month after inoculation. Isolations from the conidia and infected 
bark yielded cultures identical with those used for inoculum. 


Dormant Cuttings Inoculated and Provided with a Continuous Supply of Water 

Cuttings Harvested in November, 1957 

Twelve dormant cuttings were harvested at the nursery on November 14, 
1957. These had an average relative turgidity of 80% (Fig. 1). After inocu- 
lating 8, all 12 were placed outdoors with their basal ends in water. 

On March 12 (after 123 days) the average relative turgidity of the dormant 
cuttings was 81% (Fig. 1). On April 17, 31 days after planting with the pro- 
vision of a continuous supply of water the average relative turgidity was 89%. 
Seventy days after planting, the average relative turgidity was still 89% 
(Fig. 1). 

No canker developed on any of the cuttings and all grew into healthy trees 
(Figs. 2, 3, and 4). The disease did not develop in bark tissues with a relative 
turgidity above 80%. 


Cuttings Harvested in December, 1957 

Twelve dormant cuttings were harvested at the nursery on December 16, 
1957. These had an average relative turgidity of 73% (Fig.7). Four of the 
eight cuttings inoculated and two controls were placed outdoors in a wire 
basket. Rapid canker development occurred and no cuttings survived after 
planting. The remaining four inoculated and two control cuttings were placed 
outdoors with their basal ends in water. 
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The relation of bark moisture to the development of Fusarium canker in dor- 
mant cuttings harvested in November, 1957, and provided with a continuous supply of 


On March 20 (after 94 days) the average relative turgidity of the six dor- 
mant cuttings provided with water was 79° (Fig. 7). 
occurred during this period (Figs. 5 and 7). On April 23, 34 days after planting, 
the average relative turgidity was 92°%. Shoots had developed on the cuttings 
and no further canker development occurred after planting (Figs. 5 and 7). 


Canker development 


The shoots on three inoculated and one control cutting died prior to May 


experiment. 


DORMANT 


27, 68 days after planting (Fig. 6). Critical examination of the dying material 
revealed that little root development had occurred to support the new shoots. 
No evidence of disease was found in the underground portions of the cuttings 
and, apparently, poor vitality was the primary cause for mortality. 

Canker development did not occur in bark tissues with a relative turgidity 
above 80% which appears to confirm the results obtained in the previous 
Further, cuttings whose bark had relative turgidity values 
below 80° demonstrated poor survival, apparently due to rooting failure. 
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Fic. 2, Dormant cuttings in water outdoors; 123 days after inoculation. Numbers 
5, 6, 11, and 12 are controls. 

Fic. 3. Cuttings 1-5, 31 days after planting in the laboratory. 

Fic. 4. Cuttings 1-5, 70 days after planting in the laboratory. 


Bier—Can. J. Botany 


e 
ve — 
> 
1 
. 
. 
~ 
> Pericg 
aL 
= 
je 


PLATE I! 


Fic. 5. Dormant cuttings stored outdoors for 94 days with water supplied followed 
by 34 days of growth in the laboratory. Outer white lines illustrate canker development 
94 days after inoculation. Cuttings 35 and 36 are controls. 

Fic. 6. Same cuttings as in Fig. 5, 68 days after planting. New shoots on four of the 
cuttings have died. Figures 5 and 6 illustrate the appearance of dying plantation trees, 
commonly believed to have been killed by canker disease. It is possible that cutting 
vigor at the time of planting is of primary importance in the development of this type 


of injury. 
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Dormant Cuttings Inoculated and Subjected to a Period of Dry Winter Storage 

Ten dormant cuttings were harvested at the nursery on November 19, 1957. 
The ends of the cuttings were sealed with paraffin to prevent rapid drying. 
These had an average relative turgidity of 78% (Fig. 8). After inoculating 8, 
all 10 were placed outdoors in a wire basket. 
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NO.OF DAYS AFTER NOV. 19, 1957 
Fic. 8. The relation of bark moisture to the development of Fusarium canker in dor- 
mant cuttings subject to a period of dry winter storage. 

On March 5 (after 106 days of dry storage) the average relative turgidity 
was 589%. During this period canker development occurred in the inoculated 
cuttings (Figs. 8 and 9). 

Four cuttings (three inoculated and one control) failed to produce new 
growth. Further drying occurred in these cuttings which coincided with a 
rapid development of Fusarium canker in the inoculations (Fig. 11). 

Shoots developed on three of the inoculated cuttings which died prior to 
May 27, 83 days after planting (Fig. 10). It was evident that failure to pro- 
duce roots was the primary cause for mortality. Bark moisture values were 
high in these cuttings when the new shoots were alive. On April 21, 47 days 
after planting, the average relative turgidity was 939. Further spread of the 
disease did not occur until after the death of the new shoots. 

Normal growth occurred in two inoculated and one control cutting. On 
May 27, 83 days after planting, the average relative turgidity was 92% 
(Fig. 8). No further canker development occurred after planting (Fig. 10). 

As in the previous experiment canker development did not occur in bark 
with a relative turgidity above 80%, and rooting failure was common in cuttings 
whose bark had relative turgidities below 80%. 


The Relation of Bark Moisture to the Development of 
Fusarium Canker in the Field 


Water/dry weight and relative turgidity values for the bark of black 
cottonwood in the nursery are given in Table I. 

It is noted that an appreciable drop in the average water/dry weight values 
for bark occurred in November, 1957, which persisted until the breaking of 
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dormancy in March, 1958. During the growing season of 1958, the water/dry 
weight values for bark have ranged from 179 to 281%. Further, it is evident 
that the relative turgidity values for bark from the same shoots were below 
80% for periods during the months of November, December, January, and 
February. Canker growth occurred in the nursery during this period. This 
conforms with the inoculation experiments which demonstrated that the 
fungus attacks bark tissues with a relative turgidity below 80%. A con- 
siderable increase in the relative turgidity of the bark occurs with the breaking 
of dormancy, and this increase is maintained throughout the growing season. 
From April to September, 1958, the relative turgidity values varied between 
84 and 95%. This increase in bark moisture coincided with a cessation of 
canker growth in the nursery, and the production of wound periderm around 
the margin of lesions. The cessation of canker growth in bark tissues with a 
relative turgidity above 80% agrees with the results of the laboratory experi- 
ments. 
TABLE I 


Water/dry wt., % 


Relative turgidity, % 


No. 

Date samples Average Range Average Range 
Nov. 14 24 175 153-203 80 79-84 
Nov. 19 10 164 152-179 78 75-81 
Nov. 29 8 116 109-127 76 74-77 
Dec. 2 24 113 100-124 7 73-80 
Dec. 16 24 110 97-128 73 67-78 
Jan. 2 8 98 88-101 74 70-78 
Feb. 5 6 120 109-135 78 75-83 


Mar. 28 8 192 179-231 85 81-89 


Variation in the Bark of Black Cottonwood from Different Localities 


Bark moisture measurements from the basal half of 1-year-old shoots of 
black cottonwood from the nursery and from the University indicated that 
local differences occur in the bark tissues. Indeed, examination of the shoots 
from the two localities suggested immediately that the bark of the nursery 
trees was of a soft, succulent nature, characteristic of trees with a more rapid 
rate of growth. Information in support of this observation is given in Table II. 


TABLE II 


Average water/dry weight and relative turgidity percentages for the bark of black cottonwood 
in the nursery and at the university 


Nursery University 
No. 

Date samples Water/dry wt. mt. Water/dry wt. Rt. 
Nov. 14/57 24 175 80 116 79 
Dec. 16/57 24 110 73 117 80 
Jan. 2/58 8 98 74 113 81 
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PLATE III 
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Fic. 9. Cankers on dormant cuttings allowed to dry outdoors for a period of 103 days. 
Number 18 is a control cutting. 

Fics. 10 and 11. Six cuttings illustrated in Fig. 9, 83 days after planting in the labor- 
atory. Cutting 16 is representative of those which produced shoots after planting that 
later died. Cuttings 18 and 23 are representative of those that have survived. Cuttings 
14, 20, and 21 are representative of those that failed to produce shoots and roots. Fusarium 
canker continued to develop in these cuttings. 
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From Table II it is evident that dormant bark from the university trees 
with an average relative turgidity value of 80% had a corresponding water/ 
dry weight value of 117%. The dormant bark of nursery trees with an average 
relative turgidity value of 80% had a considerably higher water/dry weight 
value averaging 175%. It would appear, therefore, that when the bark of the 
trees from the two localities is at the same relative turgidity level, the bark 
of the nursery trees has a lower specific gravity. The significant drop in bark 
moisture in the nursery trees from November to December did not occur in 
the trees at the university. Therefore, the bark structure of the nursery trees 
may be such that it is particularly vulnerable to the development of Fusarium 
canker and to lowered vitality as the result of seasonal, climatic, and soil 
factors which would result in a reduction in bark moisture. Field observations 
on Fusarium canker have shown that although the disease occurs commonly 
in the nursery, it is not present in the trees at the university. 


Discussion and Summary 


Laboratory and field experiments have shown a correlation between the 
relative turgidity of black cottonwood bark and the development of Fusarium 
canker, the fungus invading bark tissues only when the relative turgidity 
was below 

Dormant cuttings of black cottonwood from the nursery inoculated with 
F. lateritium and placed outdoors during the winter with their basal ends in 
water maintained relative turgidity values above 80°, and there was no 
development of canker. In this instance the host did not have to be actively 
growing to prevent the fungus from invading the living bark. Dry winter 
storage of dormant cuttings whose bark had relative turgidity values above 
80°% when harvested resulted in the drying of the bark tissues and suscepti- 
bility to Fusarium canker. These experiments indicate the importance of 
maintaining a satisfactory level of relative turgidity in the bark of trees and 
cutting stock as a cultural method designed to prevent Fusarium canker. 

During the dormant season the relative turgidity of the bark of nursery 
trees was found to fall below 80% and thus they are susceptible to Fusarium 
canker. Relative turgidity values of the bark during the growing season, 
on the contrary, are above 80%, which indicates it should be resistant to the 
disease. Studies on the development of the disease in the nursery agree with 
these findings. 

Poor survival resulted in planted cuttings that were harvested from the 
nursery when the relative turgidity of the bark was below 80%. Lowered 
vitality as evidenced by shoot growth without adequate root growth was con- 
sidered to be the primary cause for mortality. Therefore, the time of harvest- 
ing may be of importance to the survival of the cutting stock. During the 
dormant season of 1957-58 the relative turgidity of the bark of the nursery 
trees was below 80% in periods during the latter half of November, December, 
January, and early in February. 
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Disease-testing programs on poplar are underway in many countries which 
are of international value and interest. The results of these studies on F. /ater- 
itium and previous work on Cryptodiaporthe salicina (Curr.) Weh. (2) have 
shown that subsequent to artificial inoculation or natural infection these 
diseases may develop or be suppressed depending on the condition of the 
living host bark as indicated bv its relative turgidity. Therefore, uniformity 
in the relative turgidity of the bark of the host material to be tested by 
inoculation experiments would appear to be of importance if an accurate 
expression of the potential of these diseases is to be obtained. Similar corre- 
lations between bark moisture and disease development may apply to other 
canker diseases on poplar which are caused by facultative parasites. Water 
supplied to or withheld from dormant material has provided a method for 
altering the relative turgidity of viable bark tissues to values within the ranges 
of susceptibility or resistance. 

In many instances the inoculation tests for the determination of the suscepti- 
bility or resistance of poplars to the canker diseases caused by facultative 
parasites have been undertaken when the host trees are in active growth. 
Experiments have demonstrated that F. Jateritium and C. salicina (2) do not 
invade the bark tissues of the hosts during the growing season when the re- 
lative turgidity of the bark is normally above 80°. Therefore, the results 
of inoculation tests made during the summer may not provide an accurate 
expression of the susceptibility or resistance of the hosts to these pathogens. 

During the dormant season of 1957-58, Fusarium canker occurred commonly 
on black cottonwood in the nursery but not on field trees of this species at the 
university. Studies to determine the cause or causes for the different occurrence 
of this disease in the two localities on the basis of environmental and/or soil 
factors could become very complex, and involve the detailed analysis of many 
interrelated factors which influence tree vigor. However, the determination 
of bark moisture revealed immediately that the nursery trees had a relative 
turgidity value appreciably below 80°) indicating susceptibility, whereas 
the university trees had a relative turgidity value of 80% or higher, indicating 
resistance to the disease. Therefore, it may be possible to express vulner- 
ability to this disease by comparing the relative turgidity values of black 
cottonwood bark from different localities. 
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INTERNAL WATER RELATIONS OF YELLOW BIRCH AT 
CHALK RIVER! 


D. A. FRASER AND H. T. Dirks? 


Abstract 


Wood moisture was measured in the butt of healthy and decadent yellow 
birch trees growing on various sites in the summers of 1950 and 1952. The 
moisture content decreased from almost 100% in May to about 60% in late 
June when the leaves were fully unfolded. Wood moisture was usually 5 to 
15% higher in the butt of decadent trees than in healthy trees during the 2 
years of investigations. It was higher in the trunk of trees on a dry site during 
a wet summer and on a wet site during a somewhat dry summer. 

Relative turgidity in leaves was measured in mature trees as well as in leaves 
of seedlings growing on soils with varied moisture contents. Relative turgidity 
was usually less during the day. During periods of drought it decreased even 
during the night. Exceptions observed may have been caused by leaf absorption 
of dew. In young birch seedlings relative turgidity values varied between 65 and 
50% in soils ranging from 100 to 70% of field capacity. As the soil wilting point 
was approached, relative turgidity of leaves decreased to about 35%. 


Introduction 


The importance of water in the economy of forest trees is well recognized 
and much has been published concerning the role of soil moisture, movement 
of water within the tree, and seasonal variations in the state of hydration of 
various tree tissues. In the present study of yellow birch (Betula lutea Michx. 
f.) in healthy and decadent conditions, several contributions have dealt with 
soil moisture (5, 6, 8) on different sites in an experimental plot on the Petawawa 
Forest Experiment Station, and with movement of the translocation stream 
(7, 9, 11) in selected yellow birch trees on this plot. During the present in- 
vestigation seasonal changes of water content of the wood and leaf tissues were 
determined for correlation with health status of trees. 

Water content of a tree varies from one species to another, as well as in 
different parts of the same tree, and also within the same individual at different 
times of the vear (1, 4, 12, 13, 14). Gibbs (13) states that the cell walls of wood 
in the natural state are saturated with water, since free water is always present 
somewhere in the tree and the imbibition pressure of the cell wall is very high. 
Numerous investigators (12, 13, 14, 15, 17, 18, 26) have shown that in hard- 
woods water content is at a maximum in spring, coinciding with swelling 
and breaking of the buds; a rapid decrease accompanies leaf opening and 
continues until August or September when the water content in white birch 
(Betula papyrifera Marsh.) wood is about half the spring value. After leaf 
fall the water content within the tree increases again. Greenidge (16) found 
subnormal moisture in the butt of birch trees in advanced stages of dieback. 

1Manuscript received June 5, 1959. 

Contribution from the Petawawa Forest Experiment Station, Forestry Branch, Depart- 


ment of Northern Affairs and National Resources, Chalk River, Ontario. 
2Graduate Student, University of Manitoba, Winnipeg, Manitoba. 
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Independent of, but closely related to, actual water content is the moisture 
movement in the tree. Huber and Schmidt (19), using a thermoelectric 
method, demonstrated that water movement in a “birch tree’’ was greatest 
in mid-day. They found the rate of water movement in all parts minimal at 
night. Although water content in the trunk may be a measure of conditions 
of water movement to the apical parts of the tree and its availability to the 
cambium and its derivative tissues, it is in the leaves that the state of hydration 
is of utmost. importance because water is a basic raw material for photo- 
synthesis. 


Materials and Methods 


Two methods are usually employed for studying the water content of 
wood in trees. The first consists of felling the tree and weighing immediately 
selected sections of it. The sections are then brought to a constant dry weight 
at 105° C. The loss of weight is considered equal to the water content of the 
wood, and it is calculated as a per cent of dry weight. This method has the 
disadvantage of limiting a tree to a single experiment, and there is also the 
possibility that considerable changes in the distribution of water may take 
place in the tree during cutting. In the second method, cores of wood are 
removed from the living tree by means of an increment borer and the core is 
inserted and sealed immediately in a glass tube. This method leaves trees 
intact for repeated investigation. 

In this study, the yellow birch trees sampled were growing in an experi- 
mental plot that has been under scrutiny over a 10-year period (5). The 
increment cores were divided into 1-in. segments before weights for moisture 
determination were begun. Gibbs (personal communication) found that the 
standard increment borer caused considerable squeezing-out of water when the 
samples of wood were removed from softwoods. A much smaller amount was 
squeezed out when sampling hardwoods. However, even if the increment 
borer squeezed out some water one still obtained relative values. Thus the 
values would not be the same as those obtained by cutting large.chunks out 
of the tree, but parallel to them. Water contents of the wood in seven yellow 
birch trees in different stages of decadence and on various sites were meas- 
ured by the “increment borer’? method during the summer months of 1950 
and 1952. 

An electrical method of measuring tree moisture was investigated. Fiberglas 
units (2) were inserted into the wood but gave a constant reading which 
indicated continuous saturation. 

Water content of leaves has been used by many workers as a measure of 
water balance. The most satisfactory technique is that of Stocker (23), 
in which the existing water content of the leaf is expressed as a percentage 
of the water content at maximum turgidity. Weatherley (27, 28) used this 
method to advantage in his study of the influence of climatic conditions on 
water balance of cotton plants. In the present study, disks of leaf tissue were 
removed with a special leaf punch which consisted of a frame carrying a die 
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and die plate to produce clean-cut disks of exactly 1 sq. cm. Two perforated 
cups made of lacquered brass, threaded to fit the punch, receive the cut disks. 
(A copper cork borer was tried but did not retain its knife edge.) The position 
chosen for punching was restricted to the area between the main radiating 
veins. When the uniformity of leaf disks was tested by selecting 20 individual 
disks from three yellow birch leaves, the standard deviation in relative tur- 
gidity was found to be 4.7%. Part of this variability is attributed to differences 
in the amount of mesophyll and vein tissue in each disk. When six samples 
of 12 disks per sample were used, the standard deviation per sample was 
2.3%. 

Two yellow birch trees (Nos. 127 and 128), both about 40 ft high and 30 years 
old growing on a dry site, were used for this study. Two groups of samples were 
collected from each tree, one at the 6-ft level called ‘‘low’’ leaves and one 
at the 20-ft level called “‘high’’ leaves. The samples consisted of 12 disks 
punched from a total of three or four leaves. Each sample of disks was weighed 
immediately on a portable torsion balance to the nearest 0.1 mg to determine 
the ‘‘fresh weight’’. The disks were then floated on distilled water with the 
lower epidermis (stomata) down. Twenty-four hours later, the disks were 
removed from the water surface with tweezers, surface-dried with blotting 
paper, and weighed to determine the ‘‘turgor weight”. The samples were 
then placed in small glass bottles, dried at 98°C, and “dry weight’’ was 

fresh weight 


determined. The value - xX 100 is known as relative 
turgor weight 


turgidity (26). 

On July 8-9 and August 9-10, 1956, the samples were collected and measured 
every 2 hours during a 24-hour period. Otherwise samples were collected 
periodically, usually every third day, at 0800 hours during the growing 
seasons of 1956, 1957, and 1958. 

Soil moisture and temperature near the trees were measured with a fiber- 
glas-thermistor unit (2); air temperature and rainfall were observed with a 
hygrothermograph and rain gauge. 

Forty yellow birch seedlings 4 in. high were used in the study of leaf and 
soil moisture relations as outlined by Rutter (21) for Scots pine (Pinus syl- 
vestris L.). The seedlings had been stored dormant 4 months in a chamber 
at 34° F. The soil around the roots of the seedlings was washed away and 
the seedlings replanted in 400-cc jars containing 500 g of acid-washed quartz 
sand. Each pot was given 150 ml of Hoaglunds No. 2 nutrient solution (3) 
and placed in the greenhouse at 70° F temperature and a 16-hour photo- 
period. Leaves developed on these seedlings within 2 weeks. 

After 2 weeks, the soil surface in the jars was sealed with a known weight 
of grafting wax, to prevent loss of soil moisture except through transpiration. 
To permit the addition of nutrients, two 1}-in. glass tubes with corks in the 
upper ends were inserted through the wax into the sand. When the survival 
of the seedlings in the sealed pots was assured, 36 of them were reweighed 
and the moisture content calculated. They were then divided into three groups 
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of 12 seedlings each, and 100, 120, and 140 cc nutrient solutions were added 
to each group respectively. At weekly intervals three leaf disks were collected 
from each plant, and the fresh weight, turgor weight, dry weight, and water 
content measured. The jars were also weighed to determine the loss of moisture 
from the sand. 


Results 
MATURE TREES 

Wood 

Water content varied considerably within each group of trees studied, 
but the seasonal trend was similar in all seven trees. Water content was 
related to the decadence classes, to the soil moisture regimes on which the 
trees were growing, and to current weather conditions. The small number 
of trees in each sample and high standard deviation in some groups shown in 
Table I indicated the possibility of occasional overlapping in the moisture 
per cent classes established. 


TABLE I 


Average per cent moisture in wood from butt of yellow birch trees* 


Dry site Wet site Healthy Decadent 


1950, June-Sept. 72+9(4)t 58 +6t (3) 64 +17 (2) 67 +9 (5) 


1952, May-Sept. 68 +5 (5) 82 +2 (2) 66 +5 (3) 7746 (4) 


*Data represents 14 and 16 observations in 1950 and 1952 respectively. 
tNumbers of trees per sample shown in brackets. 
tStandard deviation for the sample. 


According to the data of 1950, the wetter the site the lower was the water 
content in the tree (Table I, Fig. 1). This indicates that trees growing in the 
areas where roots were waterlogged during part of the season took up less 
water than those on the drier sites. In the drier summer of 1952 the reverse 
situation occurred. The trees on the usually wet sites had higher water 
content than those on the dry sites. Since the soil moisture content on the 
dry sites approached wilting point in 1952, water available to these trees may 
have been less than during the wet years. However, the shortage was not 
critical enough to curtail growth (6). 

The trees that were in stages of decadence ranging from a few dead branches 
to recently dead (10) both in 1950 and 1952 had higher wood moisture con- 
tent at the 4-ft level of the trunk than the healthier trees (Table I, Fig. 2). 
This agrees with observations by Greenidge (16) that advanced stages of 
dieback are accompanied by above-normal moisture in the butt (and by sub- 
normal moisture in the top of the tree). 
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Fic. 1. Seasonal march 


during 1950 and 1952. 
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Fic. 2. Seasonal march of wood moisture in yellow birch trees in healthy and decadent 
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Leaves 

(a) Diurnal Variations 

A low-pressure area of 1005 mb and light winds existed in the experimental 
area on July 8-9 when records were taken at intervals of 2 hours. Cloudy 
weather without sunshine prevailed during the day, and intermittent showers 
occurred after 2000 hours. The relative humidity for the whole period was 
about 100%, except for a short period at 1200 hours when it dropped to 95%. 
The temperature was 52° F at 0800 hours, rose to 60° F at 1400-1600 hours 
on July 8, and then fell to about 56° F that night. 

During the second 24-hour period of observation (August 9-10), a high- 
pressure area of 1016 mb was slowly moving to the east. Winds were light 
and southerly, day and night temperatures were about 79° F and 58° F, 
respectively. Relative humidity varied between 60 and 100% and although 
there was no rain, heavy dew formed during the night. 

To assist in assessing the drying power of the air, vapor pressure deficits 
were calculated according to Weaver and Clements (29). At the 4-ft level 
it was zero during July 8-9, but reached almost 5 mm at noon on August 
9 (Fig. 3). This was associated with a corresponding decrease in relative 
turgidity of leaves in both trees. It is probable that the higher values at the 
top of the tree on August 10 resulted from the drying effect of the wind. 

The relative turgidity of the yellow birch leaves was usually least during 
the day and maximum at night. Weatherley (28) found similar trends in the 
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Fic. 3. Two-hourly observations of relative turgidity in high and low yellow birch 
leaves during two 24-hour periods. 
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leaves of cotton plants. The hourly variation in leaf moisture being greater 
at the top of the tree than near the base is thought to be owing to the height 
of the tree—20 times that of cotton. 

During July 8-9, when soil moisture was still adequate (8), the relative 
turgidity of the lower leaves fluctuated from around 80% in the daytime 
to 90% at night. Relative turgidity values of leaves at the same level 1 month 
later, when soil moisture was approaching the wilting point, were slightly 
less, especially in tree No. 127 whose crown is more exposed. Some of the 
water intake into the leaf which caused an increase in relative turgidity at 
this time could have come from surface absorption of the heavy dew that 
formed during the test night. 


(b) Seasonal Variations 

The study of the seasonal march of relative turgidity of yellow birch leaves 
was commenced in July 1956, when the leaves were already completely un- 
furled. Data for this year (Fig. 4) show the daily relative turgidity values 
to vary between 80 and 85% during July, then decreasing to about 70% in 
both trees during the early part of August when no rain fell. The values 
increased again towards the end of August when several inches of rain had 
fallen. 

The observations for 1957 extended over a 3-month period (Fig. 5) and 
were separated into “high” and ‘‘low”’ leaves for both trees studied. Relative 
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turgidity was between 65 and 70% in the early part of June, increasing to 
between 80 and 85% when persistent rains occurred towards the end of the 
month. Thereafter it fluctuated between 70 and 85% with the lower values 
usually associated with periods of drought. Similar variations occurred during 
1958 (Fig. 4). 

A gradual increase in the dry weight of leaf samples occurred in both 
trees towards the end of the summer. Those of the slightly decadent tree 
No. 128 were somewhat higher. 


LEAF MotsturE — Sort MotsturRE RELATIONS OF 
YELLOW BriRCH SEEDLINGS 

The soil in which the seedlings were grown had a field capacity and wilting 
point of 19 and 4% respectively. The changes in relative turgidity and soil 
moisture are illustrated in Table Il. There are some apparent anomalies in 
these data because of the small amount of samples. This matter is being 
pursued in a further investigation but the following conclusions appear 
warranted. 

TABLE II 


Relative turgidity values of leaves from yellow birch seedlings growing (on soils) at various 
moisture levels 


Relative turgidity Av. dry wt./cm? 
Leaf age, Soil moisture, of leaves, of leaf disks, 
weeks % % mg 
4 25 63 1.0 
5 18 50 tt 
6 13 59 0.9 
7 5 33 1.0 
8 1 (did not recover) 1.0 


The relative turgidity of leaves varied between 50 and 63% in soils contain- 
ing considerable moisture. As the soil wilting point (4%) was approached, 
the relative turgidity decreased to 33%, which indicated that low soil moisture 
was accompanied by moisture deficits in the leaves. On further decrease of 
soil moisture (i.e. to 1%), the leaf disks lost the ability to recover their pre- 
vious maximum turgor weight. The dry weight of the leaf disks throughout 
the experiment was relatively constant at about 1.0 mg per square cm of 
leaf surface. 

Discussion 


The internal water system of a tree extends from the absorbing roots in 
a soil environment where the temperature and drying cycles are relatively 
slow, through the trunk to the leaves, where the food is manufactured and 
drying rates fluctuate greatly. Disruption of the water system in any part 
will have an important influence on tree growth as well as on its health. 
Much more work has been done on the water relations in the trunk and twigs 
of a tree than in either the roots or leaves. 
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The moisture content in the butt of the tree was less than average when the 
soil was either dry or very wet. The wetness of the soil in 1950 was caused 
by the uniform distribution of rain and the high (6.32 in.) precipitation 
during August when evapotranspiration usually exceeds rainfall. The rain 
in August that year was sufficient to recharge the soil to field capacity and 
produce a run-off of 2.09 in., which accumulated on the wet sites as shown by 
water table levels (8). Rainfall during the summer of 1952 was average, and 
the wilting point was reached only in the upper 12 in. of soil for short periods 
in July and August. The water table levels in the wet and dry sites dropped 
a maximum of 20 and 80 in. respectively, as compared with a maximum of 
10 and 50 in. on similar sites during 1950. 

Lack of aeration probably impeded uptake of water in ae eee soils, 
whereas in soils where moisture approached the wilting point, there was an 
actual physical water deficit. Thus site characteristics and weather may 
confound relative values of wood moisture in healthy and decadent trees. 
However, when samples of decadent and healthy trees extended over both 
wet and dry sites, the wood moisture values in decadent trees were higher than 
those in healthy trees during both the wet and average summers (Fig. 2). 
This agrees with Greenidge’s (16) conclusions. 

Leaf tissue is more variable than wood in its water relations because of 
its morphology. This results in a potentially higher state of hydration with 
considerable inward movement of minerals (7, 9) and outward flow of manu- 
factured food, which may cause a periodic change in the dry weight per unit 
volume of tissue. Since dry weight of tissue includes both soluble and non- 
soluble material in the cell, an increase in dry weight may indicate an increase 
in solutes, which may increase the osmotic pressure in the cells. Although this 
usually increases both turgor and fresh weight, the ratio of fresh weight to 
maximum turgor weight (relative turgidity) still represents a useful criterion 
of moisture levels within the leaf (27). 

Relative turgidity values of leaves early in the morning may be indicative 
of “‘stress’’ periods in soil moisture and are more readily measured (22). 
Transpiration from leaves is usually less at night than during the day because 
of lower temperature and higher relative humidity of the air, and the leaf 
can replenish the water deficits incurred during the day to the extent that the 
water supply of the soil will permit. Relative turgidity usually increased 
during the night. In the hot August period it decreased after 2000 hours, but 
increased again towards early morning. The low relative turgidity values 
during August 9th were associated with a high vapor pressure deficit. The 
slightly greater than average leaf water of tree No. 128 may be associated 
with the periods of decadence in this tree. In both trees dry weight of leaf 
tissue per unit area increased during the summer as the leaf cells matured. 

Increases in relative turgidity values during the latter half of August 1957, 
which was without rain, may be attributed to heavy dews that formed as the 
night temperatures became lower. The importance of dew as a source of leaf 
moisture has been described by other investigators (20, 24, 25). Leaf turgidity 
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of the ‘“‘high’’ leaves varied more than that of the ‘“‘low’’. This was probably 
because the “high” leaves were farther from the roots and it is likely also 
that less dew formed on them than on the “‘low’”’ leaves. 

In the experiments with seedlings, the values of relative turgidity remained 
high when soil moisture was high, but decreased considerably when the 
permanent wilting point was approached. After permanent wilting had 
taken place the leaf disks were unable to recover maximum turgidity when 
floated on water. 

The above procedures give a method to determine the effect of soil moisture 
on moisture content of the trees. However, during the three summers of 
study, the soil in the field has never reached the wilting point at all depths 
examined. Relative turgidity values for leaves on mature trees were con- 
sistently higher than those in young leaves on seedlings when soil moisture was 
near field capacity for both trees and seedlings. Only when leaves of mature 
trees were very young were their relative turgidity values near those of the 
leaves of seedlings (Fig. 5, Table I1). 
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SALTATION AND ZONATION FORMATION IN 
VERTICILLIUM LATERITIUM! 


Ivor Isaac AND G. H. ABRAHAM 


Abstract 


In a study of the non- -sporulating hyaline saltants of Verticillium lateritium it 
was found that the incidence of saltation in subcultures increased as the parent 
stock cultures became more aged. The factor (factors) responsible for this 
resided not in the spores but in the hyphae and it (they) was (were) probably 
water soluble because washing in distilled water appeared to rid the inoculum 
of any tendency to cause saltation. 
Three types of concentric zonations were observed in cultures of V. lateritium: 
(a) those produced by stimulation to sporulation due to the action of light of a 
specific intensity, period, and wave length, following a dark period in excess 
of a minimum of 9 hours; (+) those caused by zones of reduced sporulation 
occurring as a result of poor mycelial development resulting from temperature 
changes above or below the optimum for growth; (c) those formed in a saturated 
atmosphere where a physical collapse of some of the conidiophores in the center 
of the colony occurred due probably to excessive condensation. Variations in 
the humidity of the atmosphere caused neither stimulation nor inhibition to 
sporulation. 
The present work is concerned with the incidence of saltation and zonation 
formation in a red-brown colored species of Verticillium which Valenta (12) 
as a result of a review of the relevant literature states should be known as 


V. lateritium Rabenhorst (syn. V. cinnabarinum). 


Saltation 


When cultured on artificial media, colonies of this fungus were frequently 
of two colors, viz. brown and white. The former was due to profuse sporu- 
lation with conidiophores bearing numerous whorls of verticillately arranged 
phialides with terminal balls of brown conidia while the white regions were 
sterile. Occasionally, light pink areas were observed where only a sparse 
development of conidia had occurred. 

Butler and Jones (3) defined the term saltation as “an abrupt change in 
the morphological characters of the whole or, more usually, of a part of the 

‘thallus of the fungus which up to then had followed the general rule that like 
gives rise to like in the successive vegetative or asexual spore generations of 
a species."’ The present writers employ the term saltation, as covered by the 
above definition, to include the variation in the color of cultures of V./ateritium, 
dependent upon the relative proportion of fertile brown to sterile white areas. 

References in the literature to different types of colonies produced by V. 
lateritium extend back to Cooke (6), who noted that the color was sometimes 
pink rather than vermilion, while Agostini (1) working with Acrostalagmus 
cinnabarinus (syn. V. lateritium) stated that two kinds of hyphae may be pro- 
duced. However, there appears to be no detailed investigation into the 
occurrence and properties of the saltant form. 

1Manuscript received March 17, 1959. 
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In this section, the terms ‘pure’ brown and ‘pure’ saltant will be used but it 
must be emphasized that ‘pure’ refers to the external morphological appear- 
ance of the colony and has no genetical significance. 

It was observed, in a preliminary investigation, that if subcultures were 
taken from the white saltant areas of an isolate of V. lateritium, obtained only 
recently from the soil, the resultant colonies remained constant (‘pure’ saltant) 
while of the many hundreds of subcultures taken from the brown areas, 
1 in 15 tended to saltate. 


Growth Rates of ‘Pure’ Brown and ‘Pure’ Saltant Cultures 

To investigate these growth rates, two series of five plates each of Dox’s 
agar medium were inoculated from the ‘pure’ brown colony and the ‘pure’ 
saltant, respectively, before being incubated at 25.0° C. Daily measurements 
of the diameters of each culture were taken and it was found that the saltant 
colonies grew appreciably faster than did the brown—after 14 days’ incubation 
the average diameter of the former was 80 mm, of the latter, 56 mm. 


Factors Controlling the Incidence of Saltation 

To investigate the possibility of a relationship existing between the aging 
of a colony and the incidence of saltations in subcultures from it, six ‘pure’ 
brown cultures of the same age on Dox’s agar medium, incubated at 25.0° C, 
were kept as stock cultures. In each successive week for 6 weeks, 15 plates 
of Dox’s agar were each inoculated, respectively, from each of the stock cul- 
tures and the 90 plates were incubated at 25.0° C and allowed to grow for 14 
days before being examined for saltations. 

It was observed that the incidence of saltation in the subcultures increased 
as the stock cultures became progressively staler; inocula taken from a 6-week- 
old stock culture resulted in all the 90 colonies showing some degree of salt- 
ation. It must be emphasized, however, that no saltation occurred in the 
original stock cultures even after 6 weeks’ development. 

Since the inoculum taken from any culture has three main constituents, 
viz. the mycelium, the spores, and the agar medium, the factor which induces 
saltation must either be contained in one of these or be produced by an inter- 
action between them during the renewal of growth when placed on a fresh 
medium. 

In attempts to locate this factor, 30 plates of Dox’s agar medium were 
divided into six series of five plates each and were inoculated from a 6-week- 
old ‘pure’ brown stock culture, as follows: 

Series 1—Inoculum consisted of spores only, collected by means of a 
sterile loop of wire. 

Series 2.—Inoculum collected as in series 1 but here a spore suspension 
in sterile distilled water was prepared which was allowed to stand for 3 hours 
before being used. 

Series 3.—Inoculum was taken from the undersurface of the stock culture 
and consisted of mycelium with very few spores, if any, embedded in the stale 
medium. 
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Series 4.—Inoculum, as in series 3, consisted of mycelium and stale medium 
only but here it was thoroughly washed in sterile distilled water (three changes) 
for 3 hours, before being transferred to fresh agar. 

Series 5—Inoculum consisted of mycelium and spores taken from the 
upper surface of stock cultures—no stale medium. 

Series 6.—Inoculum consisted of mycelium and spores washed thoroughly 
in sterile distilled water (three changes) for 3 hours—no stale medium. 

Series 7.—Inoculum consisted of unwashed mycelium, spores, and stale 
medium. 

All the plates were incubated at 25.0° C for 14 days before being examined 
for saltations. 

The results (Table I) indicate that the unwashed mycelium, either alone 
or embedded in stale medium, carries the factor (factors) which induce 
saltation and that washing in distilled water appears either to dilute this 
factor below the minimum concentration necessary for its action or to react 
with it chemically in such a way as to render it inactive. There is every 
indication also that such factor (factors) are not carried in the spores, possibly 
because these had been formed and matured before the mycelium bearing 
them had become sufficiently old and staled to accumulate the material 
inducing saltation. 

Although many attempts were made, using water as a solvent, to extract 
from an old culture the factor responsible for saltation, no success was achieved. 


TABLE I 


The influence of various types of inocula on the production of saltation in V. lateritium 


Series Inoculum 


number (taken from 6-week-old stock culture) Resultant culture 

1 Spores (unwashed) “Pure” brown 

: Spore suspension (washed) “Pure” brown 

3 Mycelium + medium (unwashed ) All showed some degree of 
saltation 

4 Mycelium + medium (washed) “Pure” brown 

5 Mycelium + spores (unwashed) All showed some degree of 
saltation 

6 Mycelium + spores (washed) “Pure” brown 

7 Mycelium + spores + medium (control) All —— some degree of 
saltation 


Zonations 


Another morphological feature very frequently occurring in actively sporu- 
lating cultures of V. lateritium consisted of darker colored concentric zones 
caused by an increase in the density of sporulation and which, therefore, 
were never observed in the white sterile cultures. Concentric zonations of 
this type are not uncommon in fungi on artificial media and since light, 
temperature, and atmospheric moisture have all been described, both singly 
and in various combinations, as the causal factors, the influence of these on 
the occurrence of zonations in V. lateritium was studied. 
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TABLE II 
The effect of alternating light and dark periods on the rate of growth and the production 
of concentric zones in V. lateritium 
Growth 
Series No., period, Diam., 
alternating period days Variations mm Occurrence of zones 
Series 1 (24 hours) 0 iL. 3.0 - 
1 3.0 
2 L-D 6.5 - 
3 D-L 10.5 - 
4 L-D 15.0 - 
5 D-L 20.0 Z at 10 mm 
6 L-D 24.5 Z at 10 mm 
7 D-L 29.0 Z at 10 and 20 mm ; 
8 L-D 32.0 Z at 10 and 20 mm i 
9 D-L 335.0 Z at 10, 20, and 29 mm } 
10 L-D 38.5 Z at 10, 20, and 29 mm [ 
11 D-L 41.5 Z at 10, 20, 29, and 35 mm 
45.0 Z at 10, 20, 29, and 35 mm 
13 iL 50.5 Z at 10, 20, 29, 35, and 
41 mm 
14 i 56.0 Z at 10, 20, 29, 35, and 
41 mm 
Series 2 (48 hours) 0 L 3.0 - 
1 5.0 
2 L-D 6.5 -- 
3 D 10.0 
4 D-L 15.5 
5 20.0 
6 L-D 24.0 Zat 15 mm 
7 D 28.5 Zat 15 mm 
8 D-L 31.0 Zat15 mm 
9 iF 34.5 Zat 15mm 
10 L-D 37.0 Z at 15 and 31 mm i 
11 D 41.0 Z at 15 and 31 mm i 
12 D-L 44.5 Z at 15 and 31 mm i 
13 2 50.0 Z at 15 and 31 mm i 
14 L 55.0 Z at 15, 31, and 45 mm i 
Series 3 (72 hours) 0 3.0 
2 L-D 7:0 
3 D 11.0 ~ 
4 D 16.5 
5 D-L 20.0 
6 24.5 
7 29.0 - 
8 L-D 32:5 Z at 20 mm I 
9 D 35.0 Z at 20 mm 
10 D 37D Z at 20 mm 
11 D-L 40.0 Z at 20 mm i 
12 3 45.0 Z at 20 mm i 
13 Ls 51.0 Z at 20 and 40 mm 
14 i 57.0 Z at 20 and 40 mm 
Series 4 (constant light) 0 i 3.0 - 
14 L 57.0 - 
Series 5 (constant darkness) 0 D 3.0 - 
14 D 56.0 - 
Note: L = constant light, D = constant darkness, L-D = from light to dark, D-L = from dark to light, 
Z = concentric zonation (the figures quoted represent the external diameters of the successive zones). 
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LIGHT 


Effect of Alternating Light and Dark Periods 

To investigate the effect of light on the growth of V. Jateritium all other 
factors were maintained as constant as possible, the cultures being grown 
invariably on Dox’s agar medium in a well-ventilated constant temperature 
room at 25.0° C, which had proved to be the optimum temperature for growth. 

Since cultures grown permanently either in the light or in the dark always 
showed an identical rate of development and produced uniform mats of 
mycelium with no trace of zonation, it is probable that if light is contributory 
to zoning then it must be only when the light supply is varied in some way 
during growth. 

To investigate the effects of alternating periods of light and darkness, 25 
plates of Dox’s agar were each inoculated with V. /ateritium and the cultures 
were separated into five series of five replicates. Series 1, 2, and 3 were exposed 
to alternating periods of light and darkness for 24, 48, and 72 hours, respec- 
tively, while series 4 and 5 were placed in constant light and constant darkness, 
respectively, except in the latter when illuminated with a red ‘safe’ light for 
observations and measurement. The cultures of series 5 were placed in dark- 
ness immediately after inoculation whereas all the other cultures were allowed 
to germinate in the light for 48 hours before being subjected to the variations 
in light supply, and then at the end of these alternations they were returned 
to constant light for the last 2-3 days of the 14 days during which the experi- 
ment was run. The average mean diameter of each series of cultures was 
recorded each day. 

The results (Table II) indicate that the formation of concentric zones was 
initiated only when a culture was moved into the light after a period in dark- 
ness. The mycelium which had developed during the dark period and the 
preceding light period had apparently been stimulated to produce a denser 
formation of conidiophores than that produced under constant light or dark 
conditions. However, the mycelium formed during the following light period 
was identical in spore production with that produced under constant conditions 
and this normal sporulation was continued even during a second dark period. 
But when the culture was again exposed to light the mycelium produced dur- 
ing this second dark period and the immediately preceding light period was 
stimulated to increased sporulation. 

Hence, a series of concentric dark-colored zones was formed in the cultures 
exposed to alternating light and dark periods and the only parts of these 
cultures comparable in spore density with the controls (grown either in constant 
light or dark conditions) were those young hyphae at the edges of the colonies 
which had not yet been affected by the stimulus of exposure to light after a 
dark period. 

The successive dark zones were differentiated from one another by two 
distinct regions (Fig. 1), viz. a thin, much darker band about 1 mm wide 
around the outside of each zone of increased sporulation, and a thin lighter 
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. colored zone of sparse sporulation (Fig. 2), again about 1 mm wide, to the 
immediate outside of the darker colored band and this gradually merged into 
the next outermost zone of increased sporulation. 

The very dark band probably represented the perimeter of the hyphal tips 
when the colony was first exposed to light and it is suggested that these hyphal 
tips, or the hyphae immediately behind them, were more sensitive to the effect 
of light and produced a heavier sporulation than the older mycelium. The 
light-colored band of relatively sparse sporulation appeared to be formed 
immediately after exposure to light and this region remained permanently 
sparsely sporulated although the mycelium formed later in the same light 
period and in the following dark period could be induced to increase its spore 
density by exposing it to further light. 

In the controls, grown either in constant light or in darkness, spore density 
was constant and no zonation occurred, neither was there any significant 
difference between the mean diameter of the controls and those of the other 
cultures after 14 days’ growth. Thus, although variation in the light supply 
caused zonation, it did not appear to affect the rate of lineal growth. 


Light Period Necessary to Induce Zonation 

To investigate the critical period of light necessary to induce the stimulation 
of intense sporulation and therefore zone formation, a constant source of 
light of known intensity was obtained by using a ‘Baker light projector’ 
suspended upside down so that the light beam was projected downwards on 
to cultures of V. /ateritium in Petri dishes. The intensity of light was controlled 
by a rheostat mechanism built into the projector and it was measured by an 
Avo light meter. A light beam was used, measuring 1500 lux when the light 
meter was covered by the lid of a Petri dish; allowance was thus made for 
the amount of light cut out by the glass cover. 

Sixty-five plates of Dox’s agar were each inoculated with the fungus and 
they were then separated into 13 series of five replicates each and placed in 
a dark room at 25.0° C. After 5 days, 12 of the series were exposed to 1 second, 
10 seconds, 30 seconds, 1 minute, 10 minutes, 20 minutes, 40 minutes, 1 hour, 
3 hours, 6 hours, 12 hours, and 24 hours, respectively, while the 13th series 
was kept in constant darkness. After its exposure to light, each culture was 
returned to darkness and growth allowed to continue for a further 5 days 
after which the incidence of zoning was noted. 

The observations showed that a light period of 10 seconds was sufficient to 
produce a stimulation for a slight increase in sporulation and that the stimu- 
lation produced by a light period of 1 minute is such that the resultant 
concentric zonation could not be distinguished from that induced in a culture 
exposed to light for 24 hours. 


Fic. 1. Concentric zonations produced in V. /ateritium due to exposure to alternating 
periods of light and darkness. ( X 2.9) 

Fic. 2. A microphotograph of a part of a colony of V. Jateritium (taken from that seen 
in Fig. 1) showing the zone of sparse sporulation between regions of intense sporulation 
(left) and of normal sporulation (right). (62.5) 
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PLATE II 


Fic. 3. A concentric zone of sparse sporulation produced in V. /ateritium during a period 

rg 24 hours at 10.0° C when grown otherwise at 25.0° C. Kept in darkness all the time. 

Fic. 4. The effect of a light exposure of 1500 lux for 3 minutes (giving an inner zone of 
heavy sporulation) followed 24 hours later by a period of 24 hours at 10.0° C (giving a 
zone of sparse sporulation) on V. Jateritium grown otherwise in darkness at 25.0° C 

Fic. 5. The effect of exposure to light of 1500 lux for 3 minutes in the middle of a 24- 
hour period at 10.0°C on V. lateritium grown otherwise in darkness at 25.0°C. Note 
inner zone of very heavy sporulation. (X 1.7) 

Fic. 6. The effect of a period of 24 hours at 10.0° C followed 24 hours later by a light 
exposure of 1500 lux for 3 minutes on V. /ateritium grown otherwise in darkness at 25.0° C. 
Note area of heavy sporulation interrupted by a narrow zone of sparse sporulation (low 
temperature effect) followed by an outer region of normal sporulation. (1.7) 
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Relationship between Exposure Period and Intensity of Light 

To investigate the effects of varying the light intensity and the period of 
exposure, each of 108 plates of Dox’s agar was inoculated with V. lateritium 
and incubated for 5 days in darkness after which they were separated into 
36 series of three plates each. The mean diamet?r of each colony was measured 
and, using the apparatus described above, 35 series were exposed to light 
intensities of 30, 60, 100, 250, 500, 1000, and 1500 lux, respectively, for 10 
seconds, 30 seconds, 1 minute, 2 minutes, and 3 minutes, respectively. The 
remaining series was kept in darkness to act as control. !mmediately after 
the exposure, all the cultures were replaced in darkness for 5 more days, after 
which they were measured and examined for zonations. 

The results (Table III) indicate that for zonation to be induced, the lower 
the light intensity the longer the period of exposure necessary, e.g. a period 
of 3 minutes at an intensity of 100 lux causes the same amount of stimulation 
as do 10 seconds at 1500 lux. 


Dark Period Necessary to Induce Zonation 

To investigate the period of darkness necessary to induce extra sporulation 
and so zonation when followed by exposure to light, 42 plates of Dox’s agar 
were each inoculated with V. /ateritium and incubated for 5 days in light of 
500 lux intensity. They were then separated into 14 series of three plates each 
and 13 of these were placed in darkness for 1 second, 10 seconds, 30 seconds, 
1 minute, 10 minutes, 20 minutes, 40 minutes, 1 hour, 3 hours, 6 hours, 
9 hours, 12 hours, and 24 hours, respectively, while the 14th was retained in 
the constant light as control. At the end of their respective dark periods, all 
the cultures were returned to the light and then examined for zonation when 
10 days had elapsed from the time of inoculation. 

The cultures exposed to the light after 9 hours of darkness showed faint 
zonations, those exposed after 12 and 24 hours, respectively, showed definite 
zones, while no zonations were observed in any other culture, including controls. 

In a recent summary of the effect of light on sporulation Hawker (8) sug- 
gested that fungi could be divided according to their responses to light into 
four groups, one of which would include those which, while able to produce 
viable spores in complete darkness, do so more freely when illuminated at some 
time during development. The results of investigating the effects of light- 
dark periods upon the incidence of sporulation stimulation and so zonation 
in V. lateritium suggest that this organism should be included in this group. 
The conclusion reached by Castle (4) that in darkness a ‘light-sensitive’ 
substance accumulates in the sporangiophores of Phycomyces and is activated 
by light may also apply to V. /ateritium in which a minimum period of 9 hours 
appears to be necessary for such an accumulation to occur if it is to be later 
activated by exposure to light of 500 lux intensity. That a definite relation- 
ship exists between the exposure period and intensity of illumination necessary 
to activate this substance has been shown (Table III). 
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TABLE III 


Relationship between exposure period and intensity of illumination cmomnty to produce 
zonation in V. lateritium 


Diam., mm, Diam., 


Light when mm, 
intensity, Light exposed to after Description of growth; 
lux period light 10 days diam. of zone, mm 
30 10 sec 19.0 39.0) 
30 sec 20.0 
1 min 19.5 40.0 Normal growth; no zonation 
2 min 20.0 40.5) 
3 min 20.5 41.0) 
60 10 sec 20.0 40.0) 
30 sec 19.5 39.5) 
1 min 21.0 41.0) Normal growth; no zonation 
2 min 20.5 40.01 
3 min 19.5 39.5) 
100 10 sec 19.5 39.0) 
39.01 Normal growth; no zonation 
2 min 20.5 40.5) 
3 min 20.0 40.5 Faintly darker inner zone (20 mm) 
250 10 sec 19.5 30:0| 
Normal growth; no zonation 
2 min 20.5 41.0) 
3 min 20.0 40.0 Faintly darker inner zone (20 mm) 
500 10 sec 21.0 41.0 Normal growth; no zonation 
30 sec 20.5 40.0 Normal growth; no zonation 
1 min 19.5 39.0 Faintly darker inner zone (19 mm) 
2 min 19.5 39.5 Faintly darker inner zone (19.5 mm) 
3 min 20.0 40.0 Definite dark inner zone (20 mm) 
1000 10 sec 20.5 40.5 Normal growth; no zonation 
30 sec 19.0 39.0 Faintly darker inner zone (19 mm) 
1 min 19.5 39.5 Faintly darker inner zone (19.5 mm) 
2 min 20.0 40.5 Definite dark inner zone (20 mm) 
3 min 21.0 41.0 Definite dark inner zone (21 mm) 
1500 10 sec 19.5 39.0 Faintly darker inner zone (19.5 mm) 
30 sec 20.5 40.5 Faintly darker inner zone (20.5 mm) 
1 min 20.0 40.0 Definite dark inner zone (20 mm) 
2 min 19.0 39.0 Definite dark inner zone (19 mm) 
3 min 20.5 40.5 Definite dark inner zone (20.5 mm) 
Dark —_ = 40.5 Normal growth; no zonation 


(control) 


Effect of Light of Different Wave Lengths 

The evidence obtained by different investigators concerning the influence 
of lights of varying wave lengths upon sporulation in fungi is somewhat 
contradictory and difficult to interpret. Barnett and Lilly (2), Miller et ai. 
(10), Fulkerson (7), and McClellan et al. (9) found that the violet and blue 
wave bands were most strongly stimulatory to sporulation in many fungi, 
while Robinson (11) and Christenbury (5) stated that red-yellow light was 
the most effective in stimulating reproduction in Pyronema confluens and 
Choanephora, respectively. 
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To investigate the effect of different wave lengths upon the incidence of 
sporulation in V. lateritium, the Baker light projector was again used but the 
normal glass filter was replaced by ‘Wratten’ glass filters (supplied by Kodak, 
Ltd., London), colored violet, blue, blue-green, green, yellow, orange, and red, 
respectively. The apparatus was set up so as to give a light intensity of 1500 
lux when white light was used. Data concerning the wave length, energy 
output, etc. of the colored filters are given in Table IV. 


TABLE IV 


Details of wave lengths, energy output, etc., of Wratten filters 


*Relative 
Reading energy 
Wratten Wave length transmitted in with Avo transmitted 
filter Color visible range, light meter, in the 
No. transmitted lux visible range 
35 Violet 3400 to 4600 + 6600 + infrared 400 20 (violet) + 
300 (red) + 
infrared 
48 Blue 4100 to 4900 + infrared 250 30 + infrared 
45 Blue-green 4400 to 5200 + infrared 450 50 + infrared 
58 Green 4900 to 5900 + infrared 1000 110 + infrared 
15 Yellow 5100 to 7500 + infrared 2700 550 + infrared 
22 Orange 5500 to 7500 + infrared 3000 500 + infrared 
29 Red 5900 to 7500 + infrared 1400 400 + infrared 


*The average is given of two values found (a) by calculation from knowledge of transmission of filter and light 
output of lamp, (6) from Avo reading using sensitivity-wave length calibration curve. No great accuracy is 
claimed for these values but they certainly represent the amount of light energy transmitted by the various filters 
with reasonable accuracy, i.e. within 20%. The infrared energy is not detected by the light meter and has not 
been calculated. 


One hundred and thirty-five plates of Dox’s agar inoculated with V. Jlater- 
itium were separated into nine series of 15 cultures each and all were allowed 
to germinate and grow for 5 days in darkness. Each of seven of the series was 
then exposed to one of the seven colors noted above; the eighth was treated 
with white light (1500 lux) while the ninth was retained in complete darkness 
as control. The five replicates of three plates each for any one light were 
exposed for 10 seconds, 30 seconds, 1, 2, and 3 minutes, respectively, after 
which the cultures were replaced in darkness for 5 further days, at the end of 
which all cultures were examined for zonation. The mean diameters were 
measured at the time of exposure to light and at the end of the experiment. 
In Table V summarizing the results, the longer periods of exposure omitted 
for any one color brought about the same reactions as that induced by the 
maximum time shown. 

The results indicate that although none of the filters affected linear develop- 
ment, the violet, blue, and blue-green, as in the reports of Barnett and Lilly, 
etc. and similar to white light, appeared to be stimulatory to spore production 
and hence zone formation, whereas colors at the red end of the spectrum had 
no such effect. This last result was supported by a further experiment in 
which cultures which had been exposed for up to 24 hours to red, orange, and 
yellow lights failed to form concentric zones. Green light appeared to have an 
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intermediate effect in that a positive influence was observed only after a 
longer period of exposure than was necessary to produce stimulation in blue- 
green, blue, and violet lights. Since infrared was transmitted through all the 
filters it probably had no effect upon the variation in the incidence of sporu- 


lation. 
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TABLE V 


The effect of exposure to lights of different wave lengths for varying periods upon the 
production of concentric zones in V. lateritium 


Diam., 
Diam., mm, mm, 
Light when after Description of growth; diam. 
Color period illuminated 10 days of zone, mm 
Violet 10 sec 18.5 37.5 Faintly darker inner zone (18.5) 
30 sec 18.0 37.5 Faintly darker inner zone (18.0) 
1 min 19.0 39.0 Definite dark inner zone (19.0) 
Dark blue 10 sec 19.0 39.0 Faintly darker inner zone (19.0) 
30 sec 18.5 38.0 Faintly darker inner zone (19.0) 
1 min 18.5 3t.5 Definite dark inner zone (19.0) 
Blue-green 10 sec 18.5 38.0 Faintly darker inner zone (19.0) 
30 sec 19.5 40.0 Faintly darker inner zone (19.5) 
1 min 19.0 40.0 Definite dark inner zone (19.0) 
Green 10 sec 19.0 39.0 No zonation 
30 sec 18.0 38.0 No zonation 
1 min 18.0 39.0 Faintly darker inner zone (18.0) 
2 min 18.5 39.0 Definite dark inner zone (18.5) 
Yellow All 5 periods 19.0 (mean) 39.5 (mean) No zonation 
Orange All 5 periods 19.0 (mean) 39.5 (mean) No zonation 
Red All 5 periods 19.0 (mean) 39.0 (mean) No zonation 
White 10 sec 18.0 38.5 Faintly darker inner zone (18.0) 
30 sec 19.0 39.0 Faintly darker inner zone (19.5) 
1 min 19.5 40.0 Definite dark inner zone (20.0) 
Dark 
control 18.0 37.5 No zonation 
TEMPERATURE 


Influence of Temperature Variation 


To investigate the influence of temperature variations on the morphology 
of V. lateritium, 15 plates of Dox’s agar medium were each inoculated and 
incubated in darkness at 25.0° C for 5 days, after which the mean diameter 
of each colony was recorded. They were then separated into five series and 
of these, four were incubated at 10.0, 15.0, 30.0, and 32.5° C, respectively, 
while the remaining series was retained at 25.0° C and acted as control. After 
24 hours, the colonies were again measured before returning to 25.0° C. 
Growth was continued here for another 4 days, then a further growth measure- 


ment was made and all the cultures were examined for zonations. 
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The results (Table VI) indicate that during the period of temperature 
change, either below or above the optimum, there was a decrease both in the 
rate of growth and in the density of sporulation, the latter resulting in the 
formation of a zone (Fig. 3). It must be emphasized, however, that this 
zonation is different from that formed by the intensification of sporulation 
resulting from the darkness : light alternations described above. 


TABLE VI 


The effect of temperature on zone formation in V. lateritium 


Initial Diam., Diam., Diam., 

and mm, mm, mm, 

final Changed before after after 

temp. temp. change change 10 days Description of growth 


wn 


23:0° € 00°C 21.0 22.0 35.5 Zone of sparse sporulation between 21.0 

and 22.5 mm 

25.6° C 23.0 36.5 Zone of sparse sporulation between 21.5 
and 23.0 mm 

19. 22.0 35.5 Zone of sparse sporulation between 19.0 
and 22.0 mm 

252°C RSe 19.5 20.5 33.0 Zone of sparse sporulation between 19.0 
and 21.0 mm 

2520° C 21.0 39.0 Normal growth; no zonation 

(control) 


COMBINED EFFECT OF LIGHT AND TEMPERATURE 


To investigate the combined effect of light and temperature, 18 plates of 
Dox’s agar were each inoculated with V. Jateritium and then separated into 
six series of three plates each. The series were treated as follows: 

Series 1.—The cultures were grown for 4 days in the dark and then exposed 
to light (1500 lux) for 3 minutes, after which they were returned to darkness, 
the temperature remaining constantly at 25.0° C. At the end of the 5th day 
the cultures were removed to a dark room at 15.0° C for 24 hours and then 
returned to the 25.0° C dark room to grow for a further 4 days. 

Series 2.—The cultures were grown for 5 days in the dark at 25.0° C before 
being removed to a 15.0° C dark room for 24 hours, during the middle of which 
they were exposed to light (1500 lux) for 3 minutes. At the end of this 24- 
hour period the colonies were returned to the 25.0° C dark room to grow for a 
further 4 days. 

Series 3-—The cultures were grown in the 25.0° C dark room for 5 days, 
after which they were given a 24-hour period at 15.0° C in darkness before 
being returned to the 25.0°C dark room. Twenty-four hours later, while 
still at 25.0° C, they were given a light period (1500 lux) of 3 minutes and were 
then returned to darkness for a further period of 3 days. 

Series 4.—The cultures were grown in darkness throughout, at 25.0° C for 
5 days, at 15.0° C for 24 hours, and then they were returned to 25.0° C for 
a further 4 days. 
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Series 5.—This series was kept permanently at 25.0°C in darkness for 5 
days, after which it was exposed to light (1500 lux) for 3 minutes before 
being returned to darkness for a further period of 5 days. 

Series 6.—This was also kept permanently at 25.0° C but in darkness 
throughout the 10-day period of the experiment. 

The mean diameter of each culture was recorded during the light periods, 
before and after the periods of temperature variation and at the end of the 
experiment, i.e. after 10 days’ growth, at which stage all cultures were 
examined for zonations. 

The effects of a light period given before, during, and after a period of 
temperature change were thus observed and comparisons made both with 
cultures subjected to either a light period or temperature variation only and 
with those grown in permanent darkness at the constant optimal temperature. 
The recordings and observations are set out in Table VII. 


TABLE VII 


The combined effect of light and temperature on the production of concentric zonations 
in V. lateritium 


Growth 
Series _ period, Temp., Diam., Description of growth 
No. days Se Illumination mm after 10 days 
1 i to 3 25.0 Darkness — Dark inner zone 15.0 mm in diam. 
4 25.0 3 min of light 15.0 with a zone of normal sporu- 
5 25.0 Darkness 19.5 lation from 15.0 to 19.5 mm 
6 15.0 Darkness 22.0 and a zone of sparse sporulation 
% to 8 25.0 Darkness —_ 19.5-22.0 mm followed by an 
10 25.0 Darkness 35.0 outer zone of normal sporulation 
22.0-35.0 mm in diam. (Fig. 4) 
2 1 to § 25.0 Darkness — Very dark inner zone 19.5 mm in 
54 15.0 3 min of light 19.5 diam. followed by a narrow zone 
6 15.0 Darkness 21.0 of sparse sporulation from 19.5 
7 to 9 25.0 Darkness — to 21.0 mm. with an outer zone 
10 25.0 Darkness 34.0 of normal sporulation 21.0-34.0 
mm in diam. (Fig. 5) 
3 1 to 4 25.0 Darkness _— Dark inner zone 25.5 mm in diam. 
5 25.0 Darkness 19.0 with a lighter zone between 19.0 
6 15.0 Darkness Ys and 22.0 mm. An outer zone of 
7 25.0 3 min of light 20.9 normal sporulation 25.5-35.5 
8 to 9 25.0 Darkness -- mm in diam. (Fig. 6) 
10 25.0 Darkness 38.5 
t 1 to 4 25.0 Darkness — Zone of sparse sporulation 19.0 to 
2 25.0 Darkness 19.0 21.5 mm in diam., otherwise 
6 15.0 Darkness rs ee normal growth (Fig. 3) 
7 to 9 25.0 Darkness — 
10 25.0 Darkness 35.5 
5 1 to 4 25.0 Darkness — Dark inner zone 19.5 mm in diam., 
5 25.0 3 min of light 9.5 normal sporulation in outer 
6 to 9 25.0 Darkness — zone 19.5-36.0 mm in diam. 
10 25.0 Darkness 36.0 (Reaction similar to alternating 


light-dark periods as shown in 
Figs. 1 and 2) 


Darkness 38.5 Normal growth; no zonation 
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An analysis of the data recorded in Table VII indicates that when light and 
temperature variations are separated by 24 hours (series 1 and 3) their effects 
do not appear to be interrelated but where the exposure to light was made 
during the low temperature period (series 2) the two factors bring about a 
combined effect, viz. all the mycelium formed during the preceding dark period 
at 25.0° C and the small amount grown during the 12 hours at 15.0° C was 
stimulated to produce an area of very dense sporulation, much more dense 
than the corresponding area in series 5 where no variation in temperature 
occurred. 


HvuMIDITY 


To test the effects of variations in the humidity of the atmosphere on zone 
formation in V. lateritium the fungus was grown on modified Dox’s medium 
in very dry and in moisture-saturated atmospheres which were set up as 
follows: 


Dry Atmosphere 

The base of a Petri dish, 9 cm in diameter, was placed in a larger Petri dish, 
25 cm in diameter, containing dry calcium chloride. The lid was placed over 
the larger dish and the whole apparatus was sterilized in an oven at approxi- 
mately 200° C for 3 hours. Since preliminary tests showed that the calcium 
chloride tended to dry out the agar plate and so adversely affect the fungus 
the medium which was poured into the smaller Petri dish base contained 5.0% 
agar instead of the normal 2.0% so that the moisture-retaining capacity of 
the agar plate was increased. 


Moisture-saturated Atmosphere 

The apparatus was similar to that described above except that the calcium 
chloride was replaced by cotton wool saturated with distilled water and sterili- 
zation was achieved by autoclaving. A control apparatus was maintained with 
neither soaked cotton wool nor calcium chloride but otherwise as above. 
After inoculation of the agar plates, seven series, each in triplicate, were 
arranged as follows and incubated at 25.0° C in darkness. 

Series 1.—Cultures grown in normal atmosphere (control). 

Series 2.—Cultures grown permanently in a moisture-saturated atmosphere. 

Series 3.—Cultures grown permanently in a dry atmosphere. 

Series 4.—Cultures grown in a saturated atmosphere for 5 days and then 
given a 24-hour period in a dry atmosphere before being replaced in a saturated 
atmosphere. 

Series 5.—Cultures grown in a saturated atmosphere for 5 days before 
being placed permanently in a dry atmosphere. 

Series 6.—Cultures grown in a dry atmosphere for 5 days and then given 
24 hours in a saturated atmosphere before being replaced in a dry atmosphere. 

Series 7—Cultures grown in a dry atmosphere for 5 days before being 
placed permanently in a saturated atmosphere. 

After 10 days, the cultures in all the series were examined for zonations and 
their mean diameters recorded. 
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No differences were apparent in the rate of growth of the colonies. All those 
grown for the first 5 days in a saturated atmosphere (series 2, 4, and 5) showed 
a lighter brown central area caused not by variations in the density of sporu- 
lation but by a collapse of some,conidiophores probably due to excessive 
condensation from the saturated atmosphere. The cultures grown permanently 
in dry atmospheres and those subjected to variations in atmospheric humidity 
after an initial period of 5 days in a dry atmosphere, as well as the control 
cultures in a normal atmosphere, all appeared identical and showed no zon- 
ation. 


Conclusions 


The conclusion may be drawn that there are three types of zonation formed 
in cultures of V. lateritium. 

(a) Those produced by stimulation to sporulation dependent upon the 
intensity, periodicity, and wave length of light following a dark period of 
at least 9 hours. 

(b) Those of reduced sporulation caused by temperature changes occurring 
as the result of poor mycelial development when the temperature is brought 
either above or below the optimum for growth. 

(c) Those produced in a saturated atmosphere where a straightforward 
physical effect caused a collapse of some of the conidiophores in the center 
of the colony, due probably to excessive condensation. Unlike variations in 
light and temperature, changes in the humidity of the atmosphere have no 
apparent influence upon the intensity of sporulation. 
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PALAEOBOTANICAL STUDY OF LATE-GLACIAL DEPOSITS 
FROM VANCOUVER ISLAND, BRITISH COLUMBIA! 


J. TERASMAE AND J. G. FYLEs 


Abstract 
Plant-bearing beds have been discovered by J. G. Fyles in late-glacial deposits 
from the Englishman River section, Vancouver Island, B.C. Radiocarbon 
dating indicated an age of ca. 12,000 years for these beds. Fossil cones of 
Pinus contorta Dougl. and leaves of Dryas drummondii Richards. were dis- 
covered and identified. Palynological study indicates that climate at the time 
was colder than the present. 

The eastern coastal lowland of Vancouver Island was covered by the sea 
for several thousand years during and following retreat of the last regional 
glacier complex. Deltas that were built during this submergence where the 
rivers of Vancouver Island reached successive positions of the seashore are 
now found at various elevations up to 500 ft. They form flat gravel terraces 
adjacent to but outside the modern river valleys and generally comprise the 
following (top to bottom): (a) horizontal top-set gravels (Fig. 2) averaging 
5 ft in thickness, (6) inclined fore-set gravels (Fig. 2) generally several tens 
of feet in thickness, (c) horizontal or gently inclined bottom-set sands and 
silts (Fig. 1) that rarely exceed 10 ft in thickness. The bottom-set beds 
generally lie on and grade into marine silts and clays that rest in turn upon 
glacial deposits or rock. Many of the deltaic deposits originally contained 
plant remains or marine shells or both, but in all but a few exposures these 
organic materials have been removed by oxidation or leaching. 

Abundant, well-preserved plant remains have been found in bottom-set 


sands of a delta (Fig. 1) built by the Englishman River when the seashore 


stood about 170 ft above its present position. Radiocarbon dating (1) of 
wood found in the bottom-set delta beds and of marine shells from clays 
beneath the delta indicate that it was built about 12,000 years ago (L-391D, 
wood, 12,150+250 years; L-391E, shells, 12,360+250 years). These plant 
remains came from a cut bank of the Englishman River 3 miles southeast 
of Parksville where the following succession of strata is exposed. 


LITHOLOGY THICKNESS IN FEET 


Terrace surface, elevation about 170 ft above sea level 
Cobble gravel, horizontally stratified (top-set beds) 6 
Pebble gravel and pebbly sand; stratification inclined 20° downstream 

(northeast ) at top, flattening towards bottom (fore-set beds), con- 


tain rare oxidized plant remains 45 
Brown sand; stratification approximately horizontal (bottom-set 
beds); oxidized plant remains, questionable casts of marine shells 10 


Blue-grey sand and silty sand, stratification horizontal (bottom-set 
beds); contain driftwood, needles, leaves, cones in several layers a 
fraction of an inch thick; rare shells of marine molluscs in lower 


part 6 
Blue-grey massive clayey silt containing isolated bbles and 

boulders; numerous marine shells, rare pieces of w with teredo 

borings 12 
Glacial till 25 
River bed 


'1Manuscript received February 5, 1959. 
Contribution from the Geological Survey of Canada, Ottawa, Canada. Published with 
the permission of the Director, Geological Survey of Canada. 
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Samples of the plant-bearing beds in the Englishman River section were 
collected by Fyles. During a later palaeobotanical and palynological study 
the abundant leaves of Dryas and a part of a Dryas plant with leaves attached 
were discovered. The pine cones had been collected separately in the field 
from the same beds. 

A comparison of these fossils with modern material at the Herbarium of the 
National Museum of Canada was made possible through the courtesy of 
A. E. Porsild, Head of the Herbarium, and the authors wish to acknowledge 
his help and suggestions. 

The pine cones (Figs. 3 and 4) were identified as those of Pinus contorta 
Dougl. (shore pine). Although cones of Pinus contorta var. latifolia Engelm. 
(lodgepole pine) are similar, the small size of the fossil cones (about 1 to 1.5 in. 
long) and the somewhat wider and flatter cone scales of the shore pine sup- 
ported the made identification. The modern cones of both shore pine and the 
lodgepole pine (2) are usually armed with slender spines, but there is a rather 
wide variation of this characteristic and some cones have no spines. The 
absence of spines on the fossil cones may be due to: (a) inherent genetical 
causes or (6) mechanical wear on the slender fragile spines during probable 
transport of the cones. The first suggestion is more likely because other 
plant fossils show very little mechanical wear. 

Leaves and the part of a plant of Dryas (Figs. 5 and 6) were identified as 
those of Dryas drummondii Richards. (3, 4). The fossil leaves were identical 
with those of Dryas drummondii and special reference is made to a modern 
specimen of this species collected by H. M. Raup and E. C. Abbe in the 
Peace River area, B.C., at latitude 56° 3’ north and longitude 123° 40’ west, 
on July 16th, 1932; specimen No. 3834 (CAN). 

Some years ago small leaves (Fig. 7) were discovered by Fyles in post- 
glacial marine clay near Alberni on Vancouver Island and at the time these 
leaves remained unidentified. The present discovery of Dryas leaves in late- 
glacial deposits has indicated that the leaves found in marine clay at Alberni 
are identical with the leaves of Dryas drummondii (4) and consequently 
have been identified with this species. Fossil leaves of Dryas have been 
discovered in late-glacial and modern arctic sediments by several workers (5). 

Results of the palynological study of six samples from the Englishman 
River section have been compiled in Table I. 

In order to eliminate the heavy, local overrepresentation of pine pollen 
the number found has been arbitrarily reduced four times, a rather common 
practice among European workers, and the revised percentages are shown 
in Table I. Clumps of pine and alder pollen indicate that these species 
grew at or very near the site of deposition. Most of the pine pollen is of 
small size and is identical with that of shore pine and lodgepole pine. 

This composite pollen and spore assemblage clearly indicates that climate 
was substantially colder than the present at the time when these plant- 
bearing beds were deposited. Periods of dry climate, perhaps seasonal, are 
indicated by the rather abundant charcoal fragments and the probable 
presence of fire weed (Epilobium angustifolium L.) pollen. 
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f | Fic. 1. General view of the Englishman River section, Vancouver Island, B.C. The 
I circle indicates the position of the plant-bearing beds. Fic. 2. General view of top-set 
i beds and fore-set beds of the same delta. Fics. 3and4. Fossil cones of Pinus contorta 

Dougl. 
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PLATE II 


Fic. 5. Fossil leaves of Dryas drummondii Richards. isolated from the late-glacial beds 
of the Englishman River section. Fic. 6. Fossil Dryas drummondii from the English- 
man River section. Fic. 7. Fossil leaf of Dryas drummondii from marine clay near 
Alberni, Vancouver Island. 
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TABLE I 


Pollen from late-glacial beds of the Englishman River section 


Per cent of total tree pollen 


Revised 

Arboreal pollen (AP) 

Pinus (pine) 88 67 

Picea (spruce) 2 5 

Abies (fir) ps 5 

Alnus (alder) 8 22 

Tsuga mertensiana (mountain hemlock) 0.2 1 
Non-arboreal pollen (NAP) 

Shepherdia 5 

Artemisia 2 

Compositae 3 

Ericaceae 1 

Onagraceae (fire weed?) 2 
Spores 

Polypodiaceae § 

Lycopodium cf. annotinum 2 
Miscellaneous 

Fungus remains 

Charcoal fragments 

Pre-Pleistocene pollen and spores 6 


The pre-Pleistocene pollens and spores originate in the Mesozoic rocks 
found upstream from this site. 

An interpretation of the palynological and palaeobotanical data alone 
would suggest an age of 9,000 to 10,000 years for these plant-bearing beds, 
and hence the radiocarbon age of about 12,000 years clearly indicates that the 
plant-bearing beds in the Englishman River section were deposited shortly 
after ice retreat from this site. 
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NUTRITIONAL STUDIES ON THE GENUS HIRSUTELLA 
II. NITROGEN UTILIZATION IN A SYNTHETIC MEDIUM! 


D. M. MacLeEop? 


Abstract 


The growth responses of Hirsutella gigantea to different nitrogen sources 
were studied. Experiments showed that the mycelium hydrolyzate contained 
at least 14 of the amino acids, that the fungus was unable to utilize inorganic 
nitrogenous compounds, that ammonium tartrate was inferior to amino-nitrogen, 
and that the L or DL isomers of the different amino acids induced better growth 
than did the D form. 

The 10 most suitable nitrogen sources in order of decreasing growth were: 
L-glutamic acid, L-tyrosine, ammonium tartrate, DL-aspartic acid, L-proline, 
L-arginine, L-leucine, DL-a@-alanine, DL-serine, and pt-histidine. The total 
yield, however, obtained in a synthetic medium with each of these substances 
was shown to be directly dependent upon the quantity of inoculum used. The 
enhanced growth resulting from the addition of increased inoculum is ascribed to 
accessory growth factors carried over with the mycelial fragments despite six 
washings in saline. 

The maximum growth of H. gigantea developed in a dextrose-salts medium 
containing L-glutamic acid as a source of nitrogen, and yeast extract, inoculum 
filtrate, and liver fraction ‘‘L’’ as a source of growth factors. 

The lack of uniformity associated with nutritional studies conducted in 
chemically defined media has been briefly mentioned. 


Introduction 


The following account presents the results of the second phase of a series of 
studies designed to increase our knowledge of factors essential for growth of 
fungi parasitic on insects, and thereby, to permit a more effective use of such 
organisms in investigations concerning the host—parasite relationship. 

The first paper in this series (21) showed that the optimal amount of yeast 
extract and dextrose for the growth of Hirsutella gigantea (Petch) is approxi- 
mately 1.5 and 2% respectively, yielding 674 mg of fungal mycelium per 50 ml 
of culture medium within a 12-day incubation period. It was also found that 
H. gigantea does not grow in a basal dextrose-salts medium with potassium 
nitrate or ammonium nitrate as the nitrogen source. The effectiveness of 
yeast extract indicates a requirement for organic nitrogen. Yeast extract may 
also act as a source of growth factors. 

The investigation reported herein is concerned with a comparative study of 
nitrogen utilization with varying amounts of inoculum, the development of a 
standard culture medium for the routine isolation and growth of these organ- 
isms, and a brief discussion on variability associated with nutritional studies 
in synthetic media. 

Materials and Methods 


The experimental procedures used in this study have been described (21). 
In brief, the cultural method involved the determination of the dry weight of 
mycelium produced by shaken liquid cultures in 50 ml of medium contained 


1Manuscript received April 9, 1959. 

Contribution No. 546, Forest Biology Division, Research Branch, Department of Agri- 
culture, Ottawa, Canada. 

*Laboratory of Insect Pathology, Sault Ste. Marie, Ontario. 
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in 125-ml Erlenmeyer flasks. The dextrose (1%) -— salts basal medium was 
modified so as to include each of the nitrogen compounds as a sole source of 
nitrogen in amounts calculated to provide 25 mg N/50 ml. Optical isomers of 
amino acids were included in the preparations as if equally utilizable by the 
fungus. The various preparations were sterilized using Seitz filters, then trans- 
ferred aseptically to sterile experimental flasks. Inocula were prepared by 
homogenizing shaken cultures and washing in saline (0.85% sodium chloride). 
Immediately after seeding the cultures were placed on a rotary-action flask 
shaker for a defined period. Following the incubation period, the mycelium 
was collected on individually tared circles of Whatman filter paper No. 50 
and desiccated overnight in an oven at 90°C. The weight of dry mycelium 
was taken as a measure of growth. Each experiment was carried out in trip- 
licate, the reported results being the mean of three determinations. 

The test organism, Hirsutella gigantea (Petch), was maintained by repeated 
transfer to Sabouraud maltose agar slants stored at 3° C. 


Experimental Results 


A. Amino Acid Content of H. gigantea Grown in a Yeast Extract — Dextrose 
Medium 

A qualitative analysis of the amino acid composition of a mature mycelial 
culture of H. gigantea grown in a yeast extract — dextrose medium was under- 
taken as a possible guide to the amino acid requirements of this organism. 
The technique followed included the hydrolysis of 5 mg of the dried mycelium 
in a sealed tube for 16 hours at 100° C in 6 N HCl. Following hydrolysis the 
hydrochloric acid was removed and the volume was made up to 50 wl with 
water. Ten-microliter aliquots of the hydrolyzed protein were resolved by 
two-dimensional paper chromatography using solvents modified from Red- 
field (34), as described by Wyatt et a/. (39). The amino acids were identified 
following chromatography by spraying the paper with 2% ninhydrin in absolute 
ethanol. The results are shown in Table |. 

The rather high concentrations of alanine and glutamic acid are interesting 
in that both are important intermediates for the synthesis of other compounds, 
while aspartic acid, another similar type of substance, was present in a much 
smaller quantity. 


TABLE I 


Amino acid content of the mycelium of H. gigantea following 12 days’ incubation 
in a yeast extract — dextrose medium 


Lysine + + + Valine 
Cysteine, or cysteic acid Doubtful Methionine Trace 
Aspartic ea + — + 
Glutamic aci ++++ eucine \ 

Glycine + + Isoleucine f 37 
Histidine + Phenylalanine + 
Alanine ++++ B8-Alanine Not detected 
Serine Proline Doubtful 


*The number of + signs indicates the relative amounts of each amino acid, as estimated by visual examination 
of paper chromatograms. 
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The total nitrogen of the dried mycelium, determined by the micro-Kjeldahl 
method, was 3.6%. 


B. Nitrogen Utilization 

A comprehensive experiment was set up in an effort to secure quantitative 
measurements of nitrogen sources representative of various classes of inorganic 
and organic nitrogen compounds. In this experiment emphasis was placed 
on the amino acids, particularly those found in higher concentrations in the 
mycelial hydrolyzate. The pt and D forms of some of the amino acids were 
tested along with the L forms since they are known to have different physiolog- 
ical properties. 

Preliminary experiments using the dextrose—salts medium with single amino 
acids as the nitrogen source showed that a fairly large inoculum was required 
for good growth; the inoculum size was, therefore, standardized at 1.6 mg/50 
ml for the experiments reported herein. 

From the data presented in Table II it is evident that L-glutamic acid is the 
nitrogen source yielding the most growth. Substances distinctly less active 
but supporting some growth include: L-tyrosine, ammonium tartrate, DL- 
aspartic acid, L-proline, L-arginine, L-leucine, and DL-a@-alanine. The L and 
DL isomers gave higher yields than the p form. With leucine, tyrosine, proline, 
and glutamic acid, the L isomer supported better growth than the DL isomer; 
on the other hand the pt form of alanine, serine, histidine, asparagine, and 
aspartic acid was as good as, or slightly better than, the Lisomer. The culture 
fluids in which growth had occurred showed varying degrees of viscosity. The 
highest viscosity occurred with L-glutamic acid and in some flasks the poly- 
saccharides had settled out to form gel-like disks, intermixed with mycelium, 
at the bottom of the flasks (Fig. 6). Cultures with ammonium tartrate, 
L-proline, or L-arginine, as the nitrogen source, were generally whitish; cultures 
with L-glutamic acid varied from white to different shades of pink; those with 
DL-a@-alanine were also pink; while L-tyrosine produced a black-red coloration. 
Flasks containing DL-aspartic acid, DL-asparagine, L-leucine, and particularly 
pL-histidine varied from a pale to dark brown. 


C. Variation Associated with Utilisation of Nitrogen Sources 

When H. gigantea is grown in a yeast extract — dextrose medium sown with 
varying amounts of inoculum, results from repeated experiments are relatively 
uniform; when variation develops it is largely because of the use of small 
quantities of inocula, e.g. 0.1 mg or less (21). On the other hand repeated 
experiments with amino acids, particularly those that produced moderate 
growth, sometimes showed unusually high variation among replicates within 
experiments (Fig. 7). Therefore, the 10 nitrogen sources most readily utilized 
by this organism, according to Table II, were again re-checked in additional 
tests. The results are summarized in Table III, with the different substances 
appearing in order of decreasing effectiveness as a source of nitrogen. 

Despite the dissimilarity in results for some of the substances reported in 
Tables II and III, the various nitrogen sources fell into rather well-defined 
groups with respect to the ability to support growth of the organism. In both 
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TABLE II 


The effect of various nitrogen sources on the growth of H. gigantea 
(Inoculum level, 1.6 mg/50 ml; incubation period, 11 days) 


Mean dry Mean dry 
weight per weight per 
culture culture 
Nitrogen source flask (mg) Nitrogen source flask (mg) 
A. Amino Acips* 
1. Aliphatic: 
a. Monoaminomonocarboxylic: e. Diaminomonocarboxylic: 
Glycine 7.85 + ot L-Arginine 90.6 + 9.9 
L-Alanine @.7 + 2.1 L-Lysine 13.3 + a 
DL-a-Alanine $5.1 + 1.6 Hydroxylysine 9.0 + 
p-Alanine 10.7 + .6 f. Sulphur-containing: 
L-Valine 11.4 + 9 L-Cysteine 24.3t 
L-Leucine 68.3 + 45.7 L-CystineT 28.6T 
pL-Leucine 4.5 + 31.3 L-Methionine 144.2 = 1.5 
L-Isoleucine 99.3 + 1.7 2. Aromatic: 
Gamma amino butyric 9.8 + .6 L-Phenylalanine 9.1 + 1.5 
Hydroxymonoaminomono- Tyrosinet 134.3 + 1.4 
carboxylic: pDL-Tyrosinet 41.6t 
L-Serine 48.6 + 32.6 3. Heterocyclic: 
pDL-Serine $2.1 + 35.1 L-Tryptophane 9.7 + 
L-Threonine & L-Histidine 30.6 + 1.6 
¢. Monoaminodicarboxylic: DL-Histidine 31.0 + 2.7 
L-Aspartic 94.4 + 5.9 p-Histidine 9.7 + 8 
DL-Aspartic 106.3 + 3.1 L-Proline 155.3 + 12.8 
p-Aspartic 34.9 + 2.3 DL-Proline 3.9.4 3.4 
L-Glutarnic 227.6 + 28.1 Hydroxy-1-proline 9.8 + am 
pL-Glutamic 125.5 + 68.5 B. OTHER NITROGEN SOURCES 
p-Glutamic 67.9 + 2.3 Ammonium tartrate 75.38 + 6.2 
d, Monoaminodicarboxylic-w-amide: Ammonium nitrate ¢ 24 
L-Asparagine 45.6 + 30.4 Potassium nitrate 6.2 + .4 
DL-Asparagine 35.3 Yeast extract 214.9§+ 4.3 


*The amino acids are listed according to the classification by Meister (25). 

ti-Cystine, DL- and L-tyrosine, only slightly soluble in the basal medium, were used at a lower concentration 
than — other nitrogen sources. L-Cystine was added to provide 5 mg N/50 ml, and tyrosine to provide 10 mg 
N/50 ml. 

tThe yields listed for L-cysteine and L-cystine consist mostly of undissolved crystals; with pL-tyrosine there was 
some growth intermixed with crystals. 

§The low yield obtained with = extract is due to low yeast extract (1%) - dextrose (1%) concentrations 
inoculated with excess inoculum (21) 


tables, L-glutamic acid was superior, while DL-@-alanine, DL-serine, and DL- 
histidine produced the least amount of growth and can be considered the least 
suitable of the amino acids; the remaining substances produced moderate 
growth. 


D. Growth Response to Varying Concentrations of L-Glutamic Acid 

L-Glutamic acid was selected as the preferred nitrogen source because of 
the high yields obtained with this amino acid as shown in Tables II and III. 
In an attempt to determine the quantity of L-glutamic acid necessary to pro- 
duce optimal yield, further tests were conducted in which time-growth curves 
were obtained. The results of an experiment in which graded amounts of 
L-glutamic acid in concentrations to provide 0.5, 2.5, 12.5, and 62.5 mg N per 
50 ml were added to a series of Gasks, each containing a dextrose-salts basal 
medium with a dextrose level of 4%, are depicted in graphic form in Fig. 1. 
The time-growth curves show that an increase in glutamic acid was accom- 
panied by an increase in total yield. Very little growth, however, occurred at 
the 0.5 mg and 2.5 mg N levels, with an intermediate amount being produced 
with 12.5 mg N. At the end of the prolonged period of growth the cultures 
with 12.5 and 62.5 mg N respectively were still actively growing, as indicated 
by the highly positive slopes for the growth curves at that time. 
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TABLE III 


The 10 most suitable nitrogen sources arranged in order of decreasing yield based on 
mean dry weight obtained from three separate experiments (each with three 
replicates) (Inoculum level, 1.6 mg/50 ml; incubation period, 11 days) 


Mean dry weight 


Nitrogen source per culture flask (mg) 
1. L-Glutamic acid (NBCo.)* 231.9 + 13.8 
2. L-Tyrosine (NBCo.) 126.5 + 6.3 
3. Ammonium tartrate (MERCK* reagent) 124.2 + 14.3 
4. pL-Aspartic (NBCo.) 107.7 + 4.4 
5. L-Proline (NBCo.) 86.0 + 18.3 
6. L-Arginine (NBCo.) 73.2 + 9.2 
7. t-Leucine (NBCo.) 69.8 + 3.3 
8. pL-a-Alanine (B.D.H.)* 47.2 + 10.0 
9. pL-Serine (NBCo.) 41.3 + 5.9 
10. pL-Histidine (NBCo.) 17.4 + 3.6 


*NBCo. = Nutritional Biochemical Corp.; MERCK = MERCK & Co. Ltd.; B.D.H. = The British Drug 
Houses (Canada) Ltd. 
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Fic. 1. Time-growth curves produced by H. gigantea during different incubation 


periods, to varying concentrations of L-glutamic acid in a basal-salts medium with dex- 
trose (4%). Inoculum level 1.6 mg/50 ml. 
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Growth obtained with the following less readily utilized amino acids: 
L-proline, DL-aspartic, DL-@-alanine, DL-histidine, L-lysine, and glycine, at 
levels to provide 1, 6, and 18 mg N per 50 ml, was less than that obtained at 
the 25 mg N level (Table II), indicating that there is no low optimum level 
for these amino acids. 


E. Comparative Growth Response to Equal Amounts of Nitrogen Provided by 
Yeast Extract and L-Glutamic Acid 

Growth is stimulated when yeast extract is added as the nitrogen source to 
a dextrose—basal medium with maximum yield occurring when yeast extract 
and dextrose are present in concentrations of approximately 1.5 (equivalent 
to 62.0 mg N) and 2% respectively (21). In the present paper it has been 
found (Fig. 1) that when yeast extract is replaced with L-glutamic acid (equiv- 
alent to 62.5 mg N) as the nitrogen source almost as much growth can be ob- 
tained in the same basal-salts medium with 4% dextrose. With yeast extract, 
however, 0.2 mg of inoculum will produce maximum yield within an incubation 
period of 12 days; whereas with L-glutamic acid approximately the ‘same 
amount of growth occurs only when the medium is sown with 1.6 mg of inoc- 
ulum and incubated for a prolonged period of 20 days. 

A supplementary experiment was, therefore, designed to compare the effect 
of these two substances on growth when added to a dextrose—basal medium in 
concentrations to provide equal amounts of nitrogen. 

It is apparent from the rate of growth depicted in Fig. 2 that when both 
substances are added to provide the same quantity of nitrogen and are in- 
oculated with a small amount of inoculum, yeast extract is by far the best 
source of nitrogen. When, however, L-glutamic acid is inoculated with excess 
inoculum, there is an appreciable increase in growth at the beginning over and 
above that obtained with yeast extract, although the growth in yeast extract 
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Fic. 2, Growth response of H. gigantea in a dextrose (1%) —basal medium with 
L-glutamic acid and with yeast extract; L-glutamic acid (0.53%) and yeast extract 
pep athens provides 25 mg N/50 ml. .L-Glutamic acid has been inoculated with two levels 
of inoculum. 
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overtakes and passes it in about four days. The initial greater growth is due 
to a much reduced or absent lag phase with L-glutamic acid, since these two 
growth curves are basically similar, varying only in slope during the first 7 days. 
It is not known whether the decreased lag phase is due to carry-over, or to 
new colony development resulting from the large number of new focal points 
for growth introduced with the large amount of inoculum. 

It appears that with yeast extract the onset of autolysis is much earlier than 
in the L-glutamic acid solutions; this is possibly due to the more rapid develop- 
ment of the fungus in the enriched medium. 


F. Effect of Inoculum on Yield in an Incomplete Synthetic Medium 

In the present study reduced growth can be largely attributed to the various 
nitrogen sources being tested in an incomplete basal medium in which essential 
growth factors were absent, and in which optimum amounts of nitrogen and 
carbon had not been added. The lack of uniformity or erratic results, however, 
that sometimes developed among replicates (Fig. 7) suggests that actual 
selection or training was sometimes occurring. 


1. Inoculum Size 

That inoculum size may also influence uniformity in total yield is depicted 
in Figs. 3 and 4, both of which show the effect of varying amounts of inoculum 
within a dextrose—basal medium with various nitrogen sources. The sub- 
stances were selected to represent varying degrees of nitrogen availability. 
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Fic. 3. The effect of inoculum levels on total yield within a dextrose (1%) — basal 
medium containing various nitrogen sources. The mean dry weight represents two 
separate tests (each with three replicates) run simultaneously. Incubation period, 11 
days. 
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The total yield of fungus that developed with four of the amino acids is 
shown in Fig. 3. Each shows an increase in total yield with an increase in 
inoculum. In most cases 1.6 mg of inoculum proved to be an important level, 
in that smaller amounts produced relatively little growth, even with L-glutamic 
acid, while larger quantities tended to show even higher yields, the only ex- 
ception being the 6.4 mg level with ammonium tartrate. 

The effect of varying amounts of inoculum was also tested with DL-histidine 
as the nitrogen source since this substance appeared to be the least available 
of the amino acids listed in Table III. The experiment was conducted over 
a prolonged incubation period with growth determinations at periodic inter- 
vals. The time-growth curves (Fig. 4) show that an incubation period of 21 
days did not produce a substantial increase in yield with the lower inoculum 
levels. The results seem to indicate that the low yield obtained is actually 
due to unsuitability rather than a low rate of utilization of pL-histidine as a 
nitrogen source. The increased growth with large inocula (at or above the 
6.4 mg level) may indicate a selection of mycelial fragments most capable of 
reproducing in thisenvironment. The larger the inocula the greater the chance 
of including strains or “rare’’ mutants with minimal growth requirements. It 
is further suggested that the nutrients carried over with large inocula may have 
a stimulating effect resulting in enhanced growth even with pr-histidine. 
That this amino acid is a poor nitrogen source was further demonstrated by 
the fact that when growth occurred, the fungal mycelium quickly changed from 
a normal, bright whitish appearance, to a “‘rusty’’ brown color that eventually 
became a very dark reddish-brown with increased inoculum. According to 
Foster (6) a discoloration of this nature is ascribed to the accumulation of 
N-containing “humin”’ and it is especially characteristic of neutral or alkaline 
autolysates. 
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Fic. 4. Daily response of H. gigantea to dextrose (1%) basal medium with DL- 
histidine following inoculation with varying inoculum levels. 
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2. Nutritive Value of Inoculum 

It has been pointed out by Taber (38) that the medium in which the in- 
oculum has been grown may influence subsequent growth. This effect may be 
readily apparent in instances where cultures have been grown in enriched media 
as a source of inocula for simple chemically defined media. To reduce the 
so-called carry-over effect to a minimum many investigators have resorted to 
inoculum preparation from cultures repeatedly transferred and grown on 
minimal media (9, 12, 27). Jennison et al. (16) found that stimulation result- 
ing from carry-over could be eliminated by three serial transfers through the 
experimental media. In addition to growing the inoculum cultures in experi- 
mental media repeated washing is an extra precaution taken by many (13, 23, 
24, 30, 32) to prevent unnecessary carry-over. Georg (8), for example, found 
that it was necessary to wash the mycelium five times before the wash water 
was free of thiamine. 

In the present study, to lessen the probability of strain selection, the 
inoculum was grown in an enriched culture rather than in a chemically defined 
medium. In order to eliminate the carry-over effect the inoculum cultures 
were washed six times in sterile saline by centrifugation. Yet an increase 
in the quantity of inoculum added to the experimental cultures was accom- 
panied by an increase in total yield as shown in Figs. 3and 4. It was assumed, 
therefore, despite the six washings, that the increase in total yield was due at 
least in part to increased amounts of some growth factors carried over by the 
inoculum as a result of the addition of more fungus material to the culture 
flasks. 

To test the carry-over effect an experiment was conducted in which inoculum 
extract, and non-viable mycelial fragments prepared in different ways (Table 
IV), were added to a basal synthetic medium, following which the experi- 
mental flasks were inoculated with 0.1 mg of inoculum. The results of the 
experiment with an analysis of variance are shown in Table IV. 

When the analysis of variance indicated a significant difference between 
treatments at the 1% level, an additional analysis involving a comparison 
of each treatment with the control (Table IV, No. 1) was made based on 
Dunnett’s (5) multiple comparison procedure. According to Dunnett’s 
Table 2a (5, p. 1119) where p=7 and d.f.=14, t=3.10 for two-sided limits 
for P=95%. The allowance (for difference from the control) is, therefore, 
3.10 19.66'=60.9. From these observations it can be concluded that the 
control will be exceeded by: 


Treatment No. 2 by an amount between 134.9 — 71.3 + 60.9 = 2.7 and 124.5 mg. 
Treatment No. 3 by an amount between 152.4 — 71.3 + 60.9 = 20.2 and 142.0 mg. 
Treatment No. 4 by an amount between 169.4 - 71.3 + 60.9 = 37.2 and 159.0 mg. 
Treatment No. 5 by an amount between 122.3 - 71.3 + 60.9 = —9.9 and 111.9 mg. 
Treatment No. 6 by an amount between 122.6 — 71.3 + 60.9 = —9.6 and 112.2 mg. 
Treatment No. 7 by an amount between 184.5 - 71.3 + 60.9 = 52.3 and 174.1 mg. 
Treatment No. 8 by an amount between 515.7 — 71.3 + 60.9 = 383.5 and 505.3 mg. 


The joint confidence coefficient for the above statements is 95%. 
According to Dunnett’s multiple comparison procedure the yields obtained 
with treatments 2, 3, 4, 7, and 8 exceed that of the control by a significant 


3From the analysis of variance, Table IV, var. = 580; S.E. (diff.) = V/ 2(580)/3 = 19.66. 


‘ 
S 
1 
~ 
l 
L 


828 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


TABLE IV 


Growth response of H. gigantea in a basal synthetic medium supplemented 
with inoculum extract, and with non-viable mycelial fragments 
(Inoculum level, 1.6 mg /50 ml; incubation period, 11 days) 


Replicates 


Test a Test b Test c Mean 


Treatment Yield (dry wt., mg/50 ml) 

1. Basal synthetic medium* (control) 123.8 63.0 27.2 71:3 
2. B.S.M.} + 2 ml inoculum filtratet 195.5 120.9 88.3 134.9 
3. B.S.M. + 2 ml autoclaved inoculum 193.0 138.5 125.7 152.4 
4. B.S.M. + 2 ml inoculum § alternately 

frozen (—20° F) and thawed (70° F) 207.7 156.4 144.2 169.4 
5. B.S.M. + 1 ml water-soluble fraction|| 167.5 109.9 89.6 122.3 
6. B.S.M. + 2 ml water-soluble fraction 146.1 92.3 129.5 122.6 
7. B.S.M. + 6 ml water-soluble fraction 1.2 218.5 163.8 184.5 
8. Enriched medium § (control) 536.7 7 494.6 Si5.7 


*Basal synthetic medium (B.S.M.) contains mineral elements, dextrose (1%), and L-glutamic acid (added to 
provide 25 mg N/50 ml). 
tMaterials added so that final solution contains 50 ml of medium. 
tInoculum filtrate, and non-viable mycelial fragments, were prepared from the same inoculum source, which 
contained 0.8 mg inoculum per ml (dry weight). 
A comparative test (control) as in 4, but uninoculated yielded 8.7 mg (mean.dry weight). 
Water-soluble fraction was prepared by treating mycelium in a Mickle tissue disintegrator (35). The suspen- 
sion was centrifuged and the supernatant sterilized by filtration i, a U.F. sintered glass filter. 
{Mineral elements with yeast extract (1.5%) and dextrose (2%) 


Analysis of variance 


Source of variation Degrees of freedom Mean square F 
Replications 2 7473.5 
Medium 7 57380.1 98 .9** 
Error 14 580.0 


**Significant at 1% level. 


amount. Treatments 5 and 6, however, are not judged to be significantly 
different from the control, since the confidence intervals of their deviations 
embrace both negative and positive values. Thus the water-soluble fraction 
does not appear to be stimulatory when added to the basal synthetic medium 
in small quantities. From these observations it can be concluded that the 
enhanced growth resulting from the addition of excess inoculum is due to 
accessory growth factor(s) carried over with the mycelial fragments. These 
substances are thus not entirely eliminated after six washings in saline. Des- 
pite the carry-over effect the medium was still unsatisfactory for the rapid 
and abundant growth of the fungus as shown by the limited yields obtained 
with the various treatments when compared with the higher yields produced 
in the yeast extract - dextrose medium (treatment No. 8). The reduced 
growth did not develop as typical ‘‘disk-like” pellets produced by this fungus 
in enriched medium (21, Fig. 10) but rather as white, minute, spherical-shaped 
colonies ranging from less than 0.5 mm to 3 mm in diameter averaging approxi- 
mately 1.4 mm (Fig. 8). 

It is also evident from Table IV, that there are some consistent differences 
in growth between the three tests. The test differences, however, do not 
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invalidate the statistical comparison of treatments because all treatments 
occur in each test. These differences are not regarded simply as reflecting 
erratic growth due possibly to strain selection or “‘training’’. It is felt that 
despite the elaborate procedure followed in the preparation of the blended 
inoculum (21) the suspension was not entirely uniform, even though the in- 
oculum flask was occasionally shaken during inoculation. This lack of uni- 
formity, however, would be reduced if the inoculum suspension during inocula- 
tion is regularly agitated with a magnetic stirrer or some similar device. The 
increased variation is also due to the use of small inocula, since it has been 
shown (21) that even in an enriched medium, the coefficient of variation as- 
sociated with 0.1 mg of inoculum varies from 6.2 to 14.3%. For the purpose 
of this experiment, however, it was essential to use small inocula, despite the 
attendant lack of uniformity, in order to eliminate the carry-over of nutrients 
as much as possible. 

Because of the use of only three replications within each treatment the 
allowance of 60.9 is rather large. This figure could be reduced by increasing 
the number of replicates. 


3. Inoculum Quality 

An indication of the importance of the condition of the inoculum has been 
shown (21). The larger fungal pellets (averaging 6.8 X 4.7 mm), yellowish 
brown in appearance, do not appear to have as much vigor as the smaller 
(averaging 4.3 X 2.3 mm), bright white, actively growing fungal disks. 
Fluctuations in yield may, therefore, result from the use of inoculum prepared 
from cultures with fungal pellets of varying size. 


4. Length of Incubation of Inoculum Culture 

Since the age of the inoculum may be important, particularly in synthetic 
media, the inoculum used in this study was prepared from cultures after an 
incubation period of 8 to 10 days. At the same time it was found that signi- 
ficant differences in yield did not occur among experimental cultures sown with 
inocula prepared from 5- and 10-day-old cultures respectively. 


5. Storage 

Michener and Snell (26) reported that inoculum suspensions could be stored 
at 1° C for at least two months. Perlman (31) used washed spore suspensions 
stored in a 5°C refrigerator to inoculate fermentations over a period of 6 
weeks. According to him a rough check indicated that the viability of the 
spore suspension did not change markedly during this storage period. 

In this study it was observed that while stock, or heavy inoculum, suspen- 
sions can be stored at 12° C for prolonged periods, storage nevertheless tends 
to reduce the vigor of the inoculum, which may in turn cause a variation in 
vield among the experimental cultures. This reduction in vigor was readily 
apparent at the end of 4 days in an inoculum suspension containing 0.05 mg 
per ml; the mycelial fragments turned a yellowish brown, and were no longer 
viable when sown in a yeast extract — dextrose medium at the rate of 0.1 
mg/50 ml. 
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There is also a tendency in heavier inoculum preparations for the mycelial 
fragments to settle as a loosely interwoven clump at the bottom of the flask. 
The suspension formed when this material is re-shaken, is not as uniform as 
that obtained immediately after treatment in the Waring blender. In this 
investigation, therefore, each new experiment was sown with fresh inoculum 
stored at 12°C for not more than 15 to 20 hours. 


G. A ‘“‘Complete’’ Medium for the Growth of H. gigantea 

When yeast extract was used as the nitrogen source in quantities sufficient 
to produce optimum growth, there was a considerable lag period before 
growth started (21). With L-glutamic acid and the proper amount of in- 
oculum, however, there was a reduction in the lag phase, although the growth 
rate was slower. It thus seemed likely that since yeast extract is a rich source 
of vitamins, this substance and others including the inoculum filtrate, and 
liver fraction ‘‘L’’ (the latter previously shown (21) to be almost as effective 
as yeast extract) may have a more desirable effect, if used in small quantities 
primarily as a source of growth factors, in a basal medium containing L-glutamic 
acid as the nitrogen source. An experiment, therefore, was performed in 
which these substances were added to the basal medium and the effect on 
growth noted. 

The medium consisted of a basal-salts solution (21); 6% dextrose; 0.2% 
yeast extract; 0.2% liver fraction “‘L’’; 2 ml inoculum filtrate (see Table IV); 
and L-glutamic acid added to provide 18 mg N/50 ml. 
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5 8 14 17 20 
TIME IN DAYS 
Fic. 5. Time-growth curve produced by H. gigantea in L-glutamic acid, dextrose- 
basal medium supplemented with yeast extract, liver fraction “L”, and inoculum “carry- 
over’. Inoculum size 0.1 mg/50 ml. 
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The growth response obtained in this mixture follows a typical sigmoid 
curve as shown in Fig. 5. The total yield produced was nearly double that 
obtained with the optimum yeast extract — dextrose concentration, which was 
also the best medium previously tested. It is also apparent from Fig. 5 that 
the fungus was still actively growing as indicated by the highly positive slope 
of the growth curve at the end of the 20-day period. 


Discussion 


Interest in the nutrition of H. gigantea was created when it was demonstrated 
that factors of unknown identity are required for the growth of this organism. 
That the essential factors are present in yeast extract and liver fraction “L” 
is suggested by the low yields and erratic growth obtained when the fungus is 
grown in a simple dextrose-salts solution as compared with the rapid, vigorous, 
and more consistent growth associated with the more complex organic sub- 
stances. In an investigation to trace the superiority of yeast extract the utiliz- 
ation of individual amino acids was investigated. A total of 39 nitrogen 
sources were tested. These gave widely varying amounts of growth but none 
equalled that obtained in the yeast extract control. Other investigators 
(11, 19, 30) have obtained similar results with other fungi. Pelletier and Keitt 
(30) have suggested a classification of the amino acids by grouping them ac- 
cording to whether they are usually good, fair, or poor sources of nitrogen. 
This classification, based on a compilation of published results obtained with 
22 organisms belonging to the Fungi Imperfecti, Phycomycetes, Basidio- 
mycetes, or the Ascomycetes, has distributed the amino acids as follows— 
‘‘go0d"’: alanine, arginine, aspartic acid, glutamic acid, glycine, and proline; 
“fair’’: histidine, isoleucine, serine, tyrosine, and valine; and “‘poor’’: cystine, 
hydroxyproline, leucine, lysine, methionine, phenylalanine, threonine, and 
tryptophane. In the same publication the good nitrogen sources for Venturia 
inaequalis (Cke.) Wint. (causal agent of apple scab) included alanine, arginine, 
glutamic acid, glycine, proline, and tyrosine. In the present investigation, 
the seven most suitable amino acids for H. gigantea, listed in order of decreas- 
ing importance, were: glutamic acid, tyrosine, aspartic acid, proline, arginine, 
leucine, and alanine. These results indicate that the nitrogen requirements of 
the insect pathogen are quite similar to those of the plant pathogen, or of 
fungi in general. 

Pelletier (30) concluded that while there appears to be some uniformity in 
the amino acid nutrition of fungi, the differences observed may be of great 
significance in host—parasite relationships. With H. gigantea there are not 
yet sufficient data to allow comment on the differences observed. 

L-Glutamic acid, which was shown to be the most effective nitrogen source, 
was also found in very large quantities in a mycelial hydrolyzate of the fungus. 
However, a few amino acids, notably proline, that supported moderate growth 
were only just detectable in the mycelium. 

Approximately 614 mg of fungal mycelium was produced in a simple chemi- 
cally defined medium with L-glutamic acid. This amount is very close to the 
maximum yield produced in an enriched medium containing an optimum 
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amount of yeast extract. It is important to note, however, that the simple 
medium was inoculated with 1.6 mg of inoculum whereas only a very small 
quantity, 0.2 mg, was added to the enriched medium. In additional tests 
with several amino acids selected to represent varying degrees of nitrogen 
availability, it was found that an increase in inoculum is accompanied by an 
increase in total yield; with yeast extract on the other hand, an increase in the 
quantity of inoculum above 0.8 mg although accompanied by a rapid rate of 
growth results in a decreased final yield. The reason for this is not clear, but 
may in part be due to the early lysis occurring in yeast extract media. It was 
shown that the enhanced growth resulting from the addition of excess inoculum 
in the simple medium is due to accessory growth factors carried over with the 
mycelial fragments, despite six washings in saline. This carry-over effect, so 
evident in the synthetic medium, was not detected in media containing yeast 
extract, apparently because of the presence of growth factor(s) in this 
substance. 

The maximum growth of H. gigantea so far obtained was in a dextrose— 
salts medium containing L-glutamic acid as a source of nitrogen, and yeast 
extract, liver fraction ‘‘L”’, and the inoculum filtrate as a source of growth 
factors. The fact that growth obtained in the simple synthetic medium, even 
with the inoculum carry-over, does not approach the maximum yield that has 
been obtained indicates that optimum conditions for growth have not as yet 
been established. 

The experimental procedures adopted in this investigation were similar 
to those used in a previous study of H. gigantea in a yeast extract — dextrose 
medium (21), but the differences encountered within and between experiments 
in the nitrogen utilization tests were more variable than the differences ob- 
served in the enriched medium. Increased variation is not uncommon in 
nutritional studies with chemically defined media and has been reported in 
publications dealing not only with fungi but with bacteria as well (3, 11, 14, 
15, 29, 37). 

In the present study the phenomenon of heterocaryosis, so firmly established 
as a mechanism of variation (10, 28) in many groups of fungi, may have contri- 
buted to the irregularities in total growth among replicates within tests shown 
in Tables Il and III. In addition to heterocaryosis, variation might be caused 
by strain selection, particularly when using nitrogen sources not readily 
utilized (Fig. 7) by the fungus. Mutation is another possibility that may be 
considered. 

It is evident from the results shown in Fig. 3 that the final amount of growth 
is dependent upon the amount of inoculum; small changes in the inoculum size 
may, therefore, cause large differences in the final yield. The fragmented 
mycelium, consisting of discrete particles of varying size, makes it impossible 
to obtain a completely homogeneous inoculum preparation. Thus small 
variations may occur among inocula added to replicate cultures, resulting in 
large variations in the growth obtained. In the few publications in which 
reference has been made to the inoculum “effect’’ some interesting observa- 
tions have been reported. Crasemann (3) stated that he obtained a direct 
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PLATE I 


Fic. 6. “Gel-like’ disks (intermixed with mycelium) occasionally formed by the extra- 
cellular polysaccharides produced by H. gigantea when grown in shaken dextrose—basal 
medium with L-glutamic acid and 1.6 mg of inoculum. 0.6X 

Fic. 7. Three replicate cultures of H. gigantea grown in a dextrose-basal medium 
with pL-a-alanine as the nitrogen source. Growth in the left and right flasks was 
identical in color, size, and shape of fungal particles, as well as in yield. The center flask 
with very little growth showed a 70° variation in yield. 0.3X 

Fic. 8. Minute spherical-shaped colony-type growth produced by H. gigantea when 
grown in a dextrose-basal medium with L-glutamic acid, and fungal extract. 0.8X 
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correlation between quantity of inoculum and growth in a semisynthetic 
medium and also in a complex medium, viz. tryptone—dextrose broth. Fother- 
gill and Raine (7) found by trial that the exact amount of inoculum, provided 
it did not contain a very small number of spores, did not significantly affect 
the final weight. Heim and Lechevalier (12) reported that they used essen- 
tially the same amount of inoculum for every flask in a given experiment, but 
that it varied from 0.5 mg t> 1.8 mg per flask from one experiment to the other. 
Taber (38) concluded that the quantity of inoculum used to start cultures also 
affected the uniformity of growth among replicates. He proposed that the 
smallest amount of inoculum represented by a coefficient of variation of about 
10 per cent in the final yield be considered an acceptable inoculum. Such an 
inoculum, according to him, is large enough that growth among replicates is 
not too irregular, and small enough that nutrients are not unnecessarily added 
to the experimental medium through the inoculum. It appears from a survey 
of the methods and procedures adopted by various investigators (1, 2, 4, 17, 
18, 20, 22, 33, 36) that there is very little conformity in inoculum preparation 
(whether it consists of mycelial fragments, or spores), in the manner in which 
the inoculum is transferred to the experimental cultures, or in the quantity of 
material used. 

From the data presented in this paper, it is apparent that a dextrose—salts 
medium with L-glutamic acid as the nitrogen source can serve as a basal med- 
ium for additional studies concerning the growth factor requirements of 
H. gigantea. To avoid interference by carry-over not more than 0.1 mg/50 
ml of washed inoculum should be used; to improve the precision of treatment 
comparisons the replicates may be increased from 3 to 6 or 9. An incubation 
period of 12 days was found to be optimal. 
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‘Figure 5 in this paper should be reoriented so that the axis ‘‘Mean dry weight per flask 
culture (mg)”’ will be the vertical axis on the left side of the graph. 
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THE STRUCTURE AND MANNER OF DIVISION OF THE NUCLEI 
IN THE VEGETATIVE MYCELIUM OF THE 
BASIDIOMYCETE SCHIZOPHYLLUM COMMUNE! 


A. BAKERSPIGEL 


Abstract 


The nuclei in the vegetative hyphae of Schizophyllum commune do not divide 
in a manner directly comparable to ordinary mitosis. During division the 
tightly packed chromatinic granules become loosely arranged following which 
they contract into a densely stained bar. As division proceeds this bar of 
chromatin elongates and then constricts at its mid-region. At the end of division 
the extremities pull apart quickly to form the chromatin portions of the two 
sister nuclei. The Feulgen-negative central bodies decrease in size and at the 
end of division their remnants lie free in the cytoplasm. New central bodies 
arise in the maturing sister nuclei. Throughout division metaphase plates, 
spindles, or individual chromosomes were not observed in any of the stained or 
living preparations. A nuclear membrane has not been observed surrounding 
any of these nuclei. 


1. Introduction 


Numerous cytological studies have been published on the behavior of the 
nuclei in the Basidiomycetes. Many of these were summarized recently by 
Olive (8) in his review of fungus nuclei. However, as far as the writer is aware 
there are no reports in the literature which adequately describe the structure 
and manner of division of the nuclei in the vegetative mycelium of any of these 
fungi. 

As one in a series of studies on vegetative fungal nuclei (1, 2, 3, 4, 5) 
the behavior of the nuclei in the vegetative mycelium of the basidiomycete 
Schizophyllum commune has also been investigated by the writer. This fungus, 
which is a member of the Agaricales, has been used for genetic studies (6, 9) 
and for investigation of multipolar sexuality (12) and nuclear migration (16). 
The following report describes nuclear structure and division in the vegetative 
mycelium of S. commune and shows again that vegetative fungal nuclei do 
not divide in a manner directly comparable to ordinary mitosis and that 
further variations exist in their manner of division. 


2. Materials and Methods 


Culture 

The culture of S. commune used in this study was obtained from the 
laboratory of Dr. J. R. Raper, Harvard University. It was a good fruiting 
dikaryon produced by mating homokaryons 546 + 699 and which contained 
incompatibility factors A’ B + A" B“. This strain was cultured and main- 
tained on Sabouraud dextrose agar medium to which 0.5°% yeast extract 


1Manuscript received February 4, 1959. 

Contribution from the Department of Bacteriology and Immunology, University of 
Western Ontario, and the Department of Bacteriology, New Mount Sinai Hospital, Toronto. 
Supported in part by grants from the National Research Council of Canada and the Saskat- 
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was added. Fresh plates of Sabouraud medium were inoculated with frag- 
ments of a fruiting body and incubated at 24-26° C. Basidiospores were 
discharged onto the upper plate within 24-72 hours after inoculation and 
these were used for the cytological studies described in this report. 


Cytological Preparations 

The methods used in preparing material for examination in the living 
state and as stained preparations have been described by the writer in detail 
elsewhere (1, 2, 3, 4,5). These included smears of basidiospores on cover slips 
and cellophane cultures of germinating basidiospores and older hyphae. 
Preparations of living, germinating basidiospores were studied with the phase 
contrast microscope. Fixatives used prior to staining included acetic acid — 
alcohol (1:3) and osmium tetroxide vapors. Fixed preparations were stained 
with the HCl-Giemsa, Feulgen, Azure A-SO:, and iron alum haematoxylin 
techniques. 


3. Observations 


Living Nuclei Observed with the Phase Contrast Microscope 

(a) Interdivisional (Resting) Nuclet (Fig. 41) 

Recently discharged basidiospores of S. commune are binucleate. Each 
of the nuclei appears to be composed of an optically dense, spherical or oval 
central body surrounded by an optically clear area which changes its shape 
continuously. A nuclear membrane has not been observed surrounding 
these nuclei. The nuclei are usually situated close together toward the mid- 
region of a basidiospore. As the basidiospore germinates and continues to 
elongate the nuclei move farther apart until they are situated close to the 
tips of the developing unicellular hypha. The central bodies in these nuclei 
rotate slowly within the clear area and may appear spherical, pear-shaped, 
or elliptical. The central bodies are not optically homogeneous but contain 
small clear areas within their mass. In addition to the two nuclei both granular 
and filamentous mitochondria are present in these hyphae. Long filamentous 
mitochondria may also be seen moving with an undulating or sinuous motion 
throughout the short hyphae. 


(b) Dividing Nuclei 

Since the latter part of division could not be photographed adequately only 
a verbal description of a typical sequence will be given in this report. 

Nuclear division apparently begins when the germinating basidiospore 
is at least six to seven times its original length. Both nuclei may then divide 
within a few minutes of each other or within a period of 2 hours. In this 
report the division of only one of the nuclei will be described since that of the 
second nucleus, and of others in the developing hyphae, occur in a similar 
manner. 

At the beginning of division the optical density of the central body starts 
to decrease. As division proceeds it also begins to diminish in size and its 
density decreases still further. At the same time the optically clear area, 
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which has been changing its shape continuously, becomes less bright and 
now surrounds the central body as a narrow ring. At times this ring may 
appear only as a crescent or a band depending on the aspect facing the viewer. 
Following this the entire nucleus seems to ‘“‘disappear’” a number of times 
from view. The reason for the sudden shrinking of the clear area and the 
so-called disappearance of the nucleus during division may be inferred from 
fixed and stained preparations. If the material in the clear area should change 
its state so that its optical properties were similar or close to that of the cyto- 
plasm, then this area would in effect ‘disappear’ under the phase contrast 
microscope. In the stained preparations the physical state of the chromatin 
does change in such a manner as to explain the phenomenon seen with phase 
contrast microscopy, providing one equates an increasing intensity of stain- 
ing and shrinkage in size with an increase in density. The central body, which 
at this stage is about one-sixth its original size, now becomes almost invisible. 
As a result it is difficult to resolve the nucleus and to complicate matters 
granular and filamentous mitochondria begin to crowd around the nucleus. 
In this connection some of the filamentous mitochondria appear to attach 
themselves to the shrinking nucleus and others have been observed to break 
up into a number of separate granules. The writer has no experimental data 
to explain the significance of these phenomena at present. It can only be 
suggested that in some way the mitochondria may play a part in the final 
stage of nuclear division. 

It takes approximately 4 minutes from the time the density of the central 
body begins to decrease until it ‘‘disappears’’ completely from view. For the 
next 4-5 minutes no visual evidence as to what has happened to the nucleus 
can be obtained. At the end of this period first one and then a second small 
nucleus appears. These nuclei remain situated close to each other near one 
of the hyphal tips. Each of these nuclei, which are the products of the 
divided nucleus, are composed of a small, spherical, optically dense central 
body surrounded by a narrow, clear ring. 

The small sister nuclei remain closely apposed for a few minutes and then 
the one distal to the hyphal tip moves slowly away from its mate towards 
the opposite hyphal tip. A septum is then produced which separates the 
sister nuclei with the result that the short hypha is now two-celled: a short 
cell containing one of the sister nuclei and a much longer cell containing the 
other sister nucleus and the remaining interdivisional nucleus. This second 
interdivisional nucleus may divide soon after or within a period of 2 hours 
in a manner similar to that described above. Following this second division 
another septum is produced and the sister nucleus distal to the second hyphal 
tip is now cut off from its mate. This results in a three-celled hypha, the end 
cells being uninucleate and the middle cell binucleate. 

As these nuclei mature and grow larger a secondary hypha is produced 
usually originating in the middle cell. One of the two nuclei in this cell then 
migrates into the secondary hypha. Additional divisions occur in this develop- 
ing hypha or in the middle cell of the primary hypha. The remaining nucleus 
in the middle cell of the primary hypha may also migrate into the growing 
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secondary hypha. A division may occur in this hypha and one sister nucleus 
then migrates back into the middle cell of the primary hypha. As _ these 


hyphae continue to grow additional divisions occur with more septa being < 
produced. Meanwhile other hyphae also originate in the middle cell as well - 


as the two end cells of the primary hypha. Microscopic examination of these “ 
living preparations was usually discontinued when primary hyphae were b 
composed of seven cells and had produced two other hyphae each of which b 
was two-celled. Each of these cells at this stage of growth is uninucleate. ‘ 

( 


Stained Preparations 
(a) Ungerminated Basidiospores (Figs. 1, 2) 


In the HCl-Giemsa stained smears of ungerminated basidiospores the fe 
interdivisional nuclei are composed of crescents of densely stained chromatin. t 
In some of these preparations (Fig. 1) a faintly stained central body may be t 
seen cupped within the concavity of the chromatin. A densely stained granule 
may be seen ‘in the chromatin of some of these nuclei (Fig. 2). This granule c 
is probably similar to that described in the vegetative nuclei of Gelasi- il 
nos pora tetrasperma (4) and Neurospora crassa (5). Oo 

(6) Germinating Basidiospores 

Basidiospores germinate within 1-2 hours on the Sabouraud medium. ” 
As germination continues the bean-shaped spores elongate becoming irreg- . 
ularly kidney-shaped. At this stage the granular mass of chromatin becomes : 


looser in appearance. Large central bodies can now be seen lying closely 
apposed to the chromatin. Furthermore the nuclei appear to increase in 
size as the chromatin becomes looser. Examples of such nuclei are illustrated P 
in Figs. 3, 4-7, and 31. In contrast, similar nuclei stained with iron alum 
haematoxylin appeared only as densely stained, oval or pear-shaped central 
bodies surrounded by variously shaped, unstained areas (Figs. 38-40). These 
unstained areas are hardly comparable to the granular chromatin in the HCl- 
Giemsa, Feulgen, and Azure A-SO, preparations described above. 


(c) Dividing Nuclei (Figs. 5-24, 30, 32-37) d 

Examination of the HCl-Giemsa preparations shows that at the beginning t 
of division the crescents of granular chromatin retract or withdraw from s 
their central bodies. As division proceeds the chromatin contracts, loses its n 
granularity, and becomes separated from the central bodies. The contracted d 
chromatin then begins to elongate and at the same time the central bodies fi 
become progressively smaller and less densely stained. At this stage the two t 
nuclei are situated farther apart than formerly. The elongated chromatin t 
which is now bar-like in shape, constricts at the mid-region and as division c 
draws to a close the densely stained extremities pull apart, finally separating i 
as two densely stained portions of chromatin. The original central bodies, c 


which by this time have decreased markedly in size, can now be seen lying 
free in the cytoplasm near one portion of chromatin or between the two 
portions. A similar sequence of events can also be observed in Feulgen and 
Azure A-SO: preparations (Figs. 32-37) with the obvious exception that the 
Feulgen-negative central body is not stained. 
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It is not possible to follow division in iron alum haematoxylin preparations 
since the original central body does not divide and since the chromatin has 
no marked affinity for the stain. One can only see the large interdivisional 
nuclei and smaller ones which are the products of recent divisions. Divisional 
stages such as those described in the other stained preparations have not 
been recognized in the haematoxylin preparations. Similar difficulties have 
been encountered by the writer in his attempts to stain the chromatin of 
vegetative nuclei in other fungi with haematoxylin (1, 3) and by Pontefract 
(10) in several strains of Penicillium. 

Following the division of the two original nuclei the short hypha contains 
four nuclei as described above in the living preparations. Figures 25-30 show 
the maturation of these nuclei and their position in the hyphae as well as 
their migration from the primary hyphae into the secondary ones. 

Nuclei fixed in acetic acid — alcohol and examined unstained with the phase 
contrast microscope show that they are remarkably similar to those observed 
in the stained and living preparations. These nuclei are seen to be composed of 
optically dense central bodies wholly or partially surrounded by optically 
clear areas of varying sizes and shapes. As in the living preparations the 
central bodies do not appear to be optically homogeneous and small clear 
areas can be detected within their mass. In the clear areas of some of these 
nuclei (depending on the stage of division the nucleus is in) there may also 
be seen some fibrillar material which stretches between the periphery of the 
central body and the outer edge of the clear area. These ‘‘fibrils’’ are probably 
parts of the protein matrix upon which the chromatin is scaffolded. Similar 
material had been described by Pontefract (10) in Penicillium and by the 
writer in .V. crassa (4) and G. tetrasperma (5). 


4. Discussion 


This study extends the list of fungi in which the vegetative nuclei do not 
divide in a manner directly comparable to ordinary mitosis. In S. commune 
there exists an additional variation in nuclear division to that already de- 
scribed (1, 5, 10, 13, 14). For example, like the vegetative nuclei in Blasto- 
myces dermatitidis (1) the central body in S. commune does not divide but 
degenerates in the cytoplasm. However, unlike B. dermatitidis chromosomal 
filaments have not been observed in the dividing nuclei of S. commune. Never- 
theless, it is possible that the chromatinic granules in the vegetative nuclei of 
this fungus represent the chromosomes. Actual segregation of these granules 
during division has not been observed. It is also possible that segregation 
into presumably equal portions occurs at the beginning of division when the 
chromatin appears most loosely granular. 

It has been suggested that towards the end of division the elongating 
central bodies in .V. crassa (4) and G. tetrasperma (5) aid in pushing the sepa- 
rated portions of chromatin farther apart. A similar phenomenon probably 
occurs in the dividing vegetative nuclei of Endogone sphagnophila (2) and in 
several other Mucorales (13, 14). Since the central body in S. commune does not 
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divide it is difficult to see how in this instance it would act as a mechanical 
device in separating the portions of chromatin. It is also remarkable that 
chromatin and central body should become separated by a large distance 
early in division. This situation is somewhat similar to that observed in P. 
notatum (10) and in several other fungi studied thus far (1, 3).* 

Certain observations made in this study parallel several recorded by Savile 
(15) and Olive (7). Savile was probably the first to use the Feulgen technique 
in studying rust nuclei. According to him this was prompted by the failure 
of haematoxylin to render chromatin distinguishable from certain other 
materials and the difficulty found in getting proper differentiation at certain 
stages due to the accumulation of deeply stained ergastic material. Savile 
also found that if destaining was carried far enough to clear all the cytoplasm 
the nuclei were also almost completely destained. The writer has repeatedly 
encountered similar difficulties when he used haematoxylin during his studies 
of vegetative nuclei in S. commune and other fungi. Savile only briefly de- 
scribed the appearance of some of the nuclei in the hyphae and he did not 
record a complete divisional sequence. He did however remark that clear 
and easily interpreted division figures in the mycelium are difficult to find. 

In his study of [tersonilia perplexans, Olive (7) recorded several cytological 
observations which in the light of the present investigation bear repeating. 
Olive watched nuclear division in the hyphae with the phase microscope. 
In contrast to present observations Olive saw a nuclear membrane, spindles, 
and what appeared to be centrosomes. He also noted that the nucleolus which 
was quite conspicuous generally appeared to be surrounded by a clear nuclear 
vacuole while the chromatin was not observed unless the nucleus was under- 
going division. He went on to say that “‘as division proceeded the chromo- 
somes, which could not be distinguished individually, appeared as a band 
of denser material across the equator of the spindle (metaphase). There 
appeared to be a centrosome at each spindle pole. The band of chromatin 
separated into two equal parts, which moved towards opposite poles of the 
spindle. At this stage (anaphase) the most rapid decrease in size of the nucle- 
olus was observed.”’ More pertinent to the present study was his description 
of the final stage of division. ‘‘The two chromatin masses then began to round 
up, at which time the nucleolus was no longer visible. Later developments 
were not clear as the nuclei became vague and the material was probably 
beginning to deteriorate by this time.” 

Nuclear behavior in the basidia, basidiospores, and mycelium of S. commune 
has also been described by Ehrlich and McDonough (6) and by Papazian (9). 
In his study of the dikaryotic mycelium of this fungus Papazian noted that 
although several nuclear divisions were followed and the disappearance of 
the nuclear membrane and nucleolus was observed, spindle or chromosomes 
were never clearly apparent. Unfortunately he did not describe a typical 
divisional sequence in these hyphae. Present results confirm Ehrlich and 

*Ad ditional comment concerning the possibility of the central body being a true nucleolus 
will be included in a manuscript now in preparation describing nuclear behavior in the vege- 


tative mycelium of several members of the Saprolegniaceae. This manuscript is to be sub- 
mitted to the A merican Journal of Botany. 
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McDonough’s observations that the basidiospores are binucleate. These 
workers also stated that “in the center of the basidiospore a single nuclear 
division apparently mitotic occurred’. Examination of their Figs. 24 and 25 
upon which this statement is based raises the question as to whether or not 
an ordinary mitotic division does occur. It would be of great interest to re- 
investigate cytologically this division for in their report neither metaphase 
nor anaphase stages were illustrated nor were any chromosomes depicted. 
Such an investigation may reveal where the transition occurs between normal 
mitosis and the vegetative nuclear division described above. 
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EXPLANATION OF FIGURES 


PLATE I 

Fics. 1-10. HCl-Giemsa. Magnification, 3600. 

Fics. 1, 2." Binucleate, ungerminated conidia. Note the densely stained granules in 
the lower nucleus in Fig. 2. 

Fics. 3, 4. Germinating conidia. These interdivisional nuclei are larger and more 
loosely granular than those shown in the ungerminated conidia. 

Fics. 5-7. Nuclei at the beginning of division. The granular chromatin has now 
become much coarser. 


Fics. 8, 9. Division continuing. The chromatin of these nuclei contracting. 

Fic. 10. The highly contracted chromatin of these dividing nuclei shown nearly 
completely withdrawn from their central bodies Note the contracted ‘‘arms”’ of chromatin 
at the upper left are still slightly separated. 
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PLATE II 


Fics. 11-25. HCl-Giemsa. Magnification, 3600X. 

Fics. 11,12. Division proceeding. The contracted chromatin has begun to elongate. 
Note the decrease in size of the central bodies in these figures. 

Fic. 13. The chromatin of the dividing nucleus shown constricting at the mid-region. 

Fic. 14. The chromatin, which has constricted still further, is beginning to pull apart. 

Fic. i5. The extremities of the constricted chromatin shown separating near the 
end of division. 

Fics. 16-21. End of division. The densely stained extremities nearly completely 
separated. 

Fics. 22-24. Post-division. The two portions of chromatin have separated completely. 
Note the marked decrease in size of the central bodies during division. 

Fic. 25. Three maturing nuclei in a long cell of a two-celled hypha. The second, 
shorter cell (not shown in the photograph) contained a fourth nucleus of the same size. 


III 


Fics. 26-30. HCl-Giemsa. Magnification, 3600. 

Fic. 26. A three-celled hyph2 showing the binucleate condition of the middle cell. 
Two other hyphae are sho> => »..g out from the middle cell. 

Fics. 27,28. One of the nuc! . in the middle cells of these primary hyphae fixed while 
migrating into the secondary ': phae. The two end cells in Fig. 27 are seen to be uni- 
nucleate. Fig. 27, 3240. 

Fic. 29, 30. Nuclei fixed while migrating into secondary hyphae. In Fig. 30 the 
nucleus situated at the junction of the primary and secondary hyphae is shown dividing. 
The nuclei in Fig. 30 were photographed with the aid of a red filter. Figs. 29, 30, 2700x. 


PLATE IV 


Fics. 31-35. Feulgen. Magnification, 3600 X. 

Fic. 31. A binucleate germinating basidiospore. Note ans granularity of the chro- 
matin in these interdivisional nuclei. Compare with Figs. 3 and 4. 

Fics. 32, 33. Elongated, granular nuclei in short primary hyphal cells showing the 
ow at beginning of division. 

Fic. 3 Division continuing. The chromatin is now highly contracted and similar to 
that vend in Fig. 10. 

Fic. 35. End of division. The two densely stained extremities have nearly separated. 
Compare with Figs. 17 and 18. 

Fics. 36, 37. Azure A-SO:. Divisional and post-divisional stages. Compare with 
similar figures illustrated in HCl-Giemsa and Feulgen preparations. Magnification Fig. 
36, 3240 ; Fig. 37, 3600. 

Fics. 38-40. Iron alum haematoxylin. Magnification, 3600. Nuclei of various 
shapes and sizes in germinating basidiospores. See text for explanation. 


PLATE V 


Fics. 41-44. Photographed with the phase contrast microscope. Magnification, 
3600 X. 
Fic. 41. A living, interdivisional nucleus in a terminal cell of a three-celled hypha. 
Note also the filamentous mitochondria especially evident near the tip of the hypha. 

Fics. 42-44. Acetic acid — alcohol fixed hyphae showing unstained interdivisional 
and dividing nuclei. 

Fic. 42. Nuclei fixed while migrating into the secondary hypha. Compare with 
Fig. 30. 

Fic. 43. The nucleus at the lower right at beginning of division. Compare with Figs. 
6, 7, 32, 33. 

Fic. 44. Dividing nuclei. Compare with Fig. 8. 


Note: Figures 1-44 follow. 
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NUCLEAR BEHAVIOR IN THE DIPLOIDIZATION OF 
HAPLOID INFECTIONS OF PUCCINIA HELIANTHE 


J. H. CRaiGre? 


Abstract 


Nuclei of Puccinia helianthi occur in two principal but dissimilar states: 
an expanded one, characteristic of resting nuclei, and an unexpanded one 
associated with the process of division. ‘Transitional stages intervene. Pre- 
liminary to division, the resting nucleus extrudes its nucleolus and contracts 
to an unexpanded state. Division gives rise to unexpanded daughter nuclei 
that in the living thallus soon undergo expansion. The nuclei of germinating 
urediniospores conform to this general pattern. Pycniospore nuclei, though 
daughter nuclei, fail to expand because of their isolation. _When, however, 
through fusions of pycniospores and flexuous hyphae they gain access to com- 
patible haploid mycelia, they assume an expanded form. As expanded nuclei 
they then continue their migration to the basal region of the protoaecia, dividing 
perhaps but rarely on their way. There, by rapid successive divisions, they 
provide nuclei of pycniospore origin for the diploidization of the protoaecia. 
Cells of the intercellular mycelia remain uninucleate. 


Introduction 


Puccinia helianthi Schw. is a heterothallic rust fungus (9) the haploid 
infections of which are of two compatibility types. The transfer of the pycnio- 
spore-containing nectar of one type to infections of the other type, or vice 
versa, induces the production of aecia in the infections receiving the nectar 
(10). In such infections, fusions occur between the transferred pycniospores 
and the flexuous hyphae protruding, among the paraphyses, from the ostioles 
of the pyenia (11). By such fusions, it is possible for the nuclei of the trans- 
ferred pycniospores to gain entrance to the mycelial thallus of the nectar- 
receiving infections, and ultimately for nuclei of both types of infection to 
become associated in conjugate relationship in cells of the protoaecia (aecial 
primordia). Genetical studies of crosses between different racial strains of 
certain heterothallic rusts (12, 14, 15, 22) leave no doubt that such nuclear 
associations do become established. In the present study, an attempt was 
made to ascertain the behavior of the pycniospore nuclei from their entry 
into the flexuous hyphae to their association in conjugate relationship with 
thallus nuclei in cells of the protoaecia. 

Lamb (13), Savile (20), Buller (7), and Olive (18) have reviewed most of 
the literature relating to the origin of the diploid* condition in the protoaecia 
of heterothallic rust fungi, so that only references germane to the present 
study need here be mentioned. 

1Manuscript received March 9, 1959. 

Contribution No. 1757 from the Botany and Plant Pathology Division, Science Service, 
Canada Department of Agriculture, Ottawa, Ontario. The work was supported in part 
by a grant from the North-West Line Elevators Association, Winnipeg, Manitoba. The 
photographs, except Fig. 33, were taken by the bio-Graphic Unit, Science Service. 

2Formerly, Dominion Botanist. 


§In this paper the terms diploid, diploidized, etc. refer to cells which contain two haploid 
nuclei of opposite mating types. 
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Materials and Methods 


Haploid infections were obtained by sowing sporidia of germinating telio- 
spores of P. helianthi on leaves of young sunflower plants in the greenhouse 
and then placing the plants in a moist chamber for a couple of days, after 
which they were removed and placed on a greenhouse bench. As soon as 
infections became visible, precautions were taken to exclude insects from 
the plants. The transfer of nectar was carried out by collecting, by means 
of a glass capillary tube, the nectar from a number of infections and pooling 
it, the resulting composite nectar being then returned in small amounts to 
the upper surface of the infections selected for study. If the nectar at time 
of collection happened to be too scanty for ready collection, a droplet of 
distilled water was spread over the surface of the infection concerned to 
supplement the nectar. Infections of various ages were fixed in aceto- 
alcohol (1:3) or in Carnoy’s fluid, those receiving composite nectar being 
fixed from a few hours to 3 days after the transfer of nectar. Paraffin- 
embedded material was cut mostly 7 w in thickness. Schaudinn’s fluid and 
two or three others were also used for the fixation of germinating uredinio- 
spores. 

The chief stains used were Giemsa’s stain, the Feulgen reaction (usually 
intensified by carmine in 60% propionic acid or light green in 70°% alcohol), 
Heidenhain’s iron alum haematoxylin (sometimes followed by congo red), 
and a buffered aqueous solution of methyl green and pyronin. For hydrolysis, 
8 minutes in N HCI at 60° C seemed to be about the optimum time. 


Results 


In his study of several rust fungi, Savile found that the nuclei assume two 
different states or forms, the “expanded” and the ‘‘unexpanded’’. In the 
expanded state, the nucleus comprises an outer sphere (‘‘ectosphere’’) con- 
taining all the chromatin, an inner sphere (‘‘endosphere’’), and, in the ‘‘endo- 
sphere’, a deeply staining granule that he believed to be the nucleolus. In 
the change to the unexpanded state, the expanded nucleus extrudes its endo- 
sphere, contracts, and rounds up. Meanwhile the nucleus forms a new 
endosphere which contains all the chromatin. The now completely unex- 
panded nucleus lacks an ectosphere. On reversion to the expanded state, the 
unexpanded nucleus cuts out anew an ectosphere from the cytoplasm of the 
cell and the chromatin passes out of the endosphere into it. The unexpanded 
state, he believed, was an adaptation to facilitate the migration of nuclei 
through narrow pores or openings. In his view, these inner and outer spheres 
of the nucleus could not be homologized with any parts of the nucleus of 
the higher plants. 

THE NUCLEOLUS 

The body in the rust nucleus that Savile termed ‘endosphere’ has commonly 
been regarded by cytologists as a true nucleolus, a view emphasized by Olive 
(16, 18). In the present study, advantage was taken of the fact that two 
staining technics are widely recognized as being specific for the differentiation 
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of the nucleolus of the plant or animal nucleus, namely, (a) the Feulgen 
reaction and light green, described by Semmens and Bhaduri (21), and (6) 
the methyl green and pyronin, as described by Taft (23). With the first, 
the chromatin of the nucleus takes on a reddish purple color, and the nucleolus 
remains green after that color has disappeared from the cytoplasm of the cell. 
With the second, the chromatin of the nucleus stains green and the nucleolus 
and cell cytoplasm stain a reddish color, said to be rose-lavender. 

The stains used were certified preparations of basic fuchsin, light green, 
and methyl green; the pyronin, a George T. Gurr preparation. In the 
second method, a slight change was made in the schedule given by Taft. 
The sections were stained for 6 minutes, blotted almost dry, differentiated 
for 4 minutes in 2-butyl alcohol, quickly dipped in a mixture (1:1) of t-butyl 
alcohol and absolute ethyl alcohol and then in ¢-butyl alcohol, and finally 
placed in xylol and mounted in Permount. This change was made on the 
suggestion of Dr. Clayton Person, Canada Agriculture Research Laboratory, 
Winnipeg, Manitoba. 

Each of the two staining procedures gave its respective stain pattern. 
With both, however, the chromatin stained somewhat less deeply than desired. 
Figure 1 shows cells in the basal region of a protoaecium stained by the second 
method. A dark (red) nucleolus lies within a pale (green) nucleus, which, 
in turn, is enveloped by the dark (red) cytoplasm of the cell. With each 
technic, the stain pattern of the rust nuclei corresponded to that of the host 
nuclei. It would appear, therefore, that the bodies in question are true 
nucleoli and that, as suggested by Olive (16), they are homologous with the 
nucleoli of the higher plants. 

No particular study was made of the nucleoli. They vary much in size, 
being conspicuously large and readily observable in the nuclei of aeciosporo- 
phores, aeciospore mother cells, and young aeciospores and urediniospores, 
usually less so in nuclei of basal cells of the protoaecium; still less or not 
readily observable in thallus nuclei, and absent initially from the compact 
unexpanded nuclei. This pattern would seem to indicate that the increase 
in size of the nucleolus is associated with a pronounced increase in the syn- 
thesizing activity of the cells, probably, as Caspersson (8) states, with cyto- 
plasmic protein synthesis. 

NUCLEAR STATES 

The present study shows clearly that the nuclei of P. helianthi do assume 
two principal quite different forms, which, without implying acceptance of 
all Savile’s connotations, may be described as expanded and unexpanded, 
as the terms seem descriptively apposite. Here the term ‘unexpanded’ is 
used to describe nuclei that are of the approximate size and compactness of 
the pycniospore nuclei, and the term ‘expanded’ to distinguish from them 
nuclei that are larger and less compact. For example, Fig. 2 shows a longi- 
tudinal section through a pycnium of this rust fungus. The nuclei of the 
pycniosporophores are conspicuously larger than those of the pycniospores 
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and stain much less deeply, as is evident in Fig. 3, which is a part of the right- 
hand basal portion of the section shown in Fig. 2 but at a much higher magni- 
fication. The nuclei of the pycniosporophores are here regarded as being in 
an expanded or partially expanded state, and those of the pycniospores, in 
an unexpanded state. 

In P. helianthi, as a rule, the nuclei of the thallus mycelium are in a more 
or less expanded state, the nuclei of the haploid protoaecia being usually 
well expanded, particularly so in the basal half during the early stages of 
diploidization. Nuclei in the unexpanded state occur only rarely in the 
intercellular mycelia, somewhat mere commonly in haploid protoaecia, and 
rather numerously in the basal region of protoaecia undergoing diploidization. 
In the paraphyses and flexuous hyphae of the pycnia, the nuclei are usually 
more or less expanded (Fig. 4), but nuclei in an intermediate or unexpanded 
form are not uncommon. It would appear clear, therefore, that, in this 
rust fungus, a more or less expanded state is the normal one for nuclei in the 
resting condition. 

THE PYCNIOSPORE NUCLEUS 

It has long been known that the pycniospore nucleus is a small compact 
deeply staining body and that it arises as a result of the division of a pycnio- 
sporophore nucleus and the abstriction of one of the daughter nuclei to form 
a pycniospore. Figure 5 shows such a division. The upper portion of the 
parent nucleus would soon have been abstricted and the lower portion would 
have probably reconstituted itself as an expanded nucleus. The high pro- 
portion of expanded nuclei present in the pycniosporophores would seem to 
support this view. The circumstances of the two sister nuclei would have 
been quite different. One would have been cut off from any direct source 
of nourishment or stimulation from the parent mycelium, whereas the other 
would have been provided normally with both. Not until the pycniospore 
nucleus happens to gain access to a compatible mycelium (Fig. 6) would it 
appear to be provided with conditions favorable for its reconstitution as a 
normal expanded nucleus. That it should then reconstitute itself as a more 
or less expanded nucleus need not be a matter of surprise: the nuclei of the 
pycnia, and therefore of the pycniosporophores, are the progeny of thallus 
nuclei, which, as already mentioned, are usually more or less expanded. 

Analogous to the condition of the pycniospore nuclei is that of the nuclei 
of the intercalary cells in the developing aecium. These cells arise as a 
result of the division of aeciospore mother cells. Their nuclei are unexpanded 
(Fig. 7). Like the pycniospore nuclei, they are daughter nuclei that fail to 
expand, and, like the pycniospores, the intercalary cells have but a limited 
amount of cytoplasm. 


State of Migrating Pycniospore Nuclei 

That pycniospore nuclei do migrate through the thallus hyphae of haploid 
infections and bring about the diploidization of the protoaecia is, as stated 
above, a well-recognized fact; but the behavior of such migrating nuclei 
would seem to deserve further elucidation. From some of the literature it 
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would appear that, after gaining entrance to compatible thallus hyphae, 
pycniospore nuclei undergo division, apparently quite early and rapid division 
in some rust fungi, giving many small nuclei that become distributed through 
the haploid mycelium. Allen (1, 2) mentions the presence of from two to 
five nuclei in pycnial cells of “fertilized infections” of Puccinia graminis and 
suggests that the diplophase, sporophytic hyphae, may arise at this source. 
In Puccinia lini, she (3) found evidence that the pycniospores germinate, 
producing very fine hyphae which, on making contact with a food supply, 
take on the character of thallus hyphae. The vegetative mycelium was 
largely composed of cells with more than one nucleus. In Puccinia sorghi, 
she (4) found that, 24 hours after the entrance of pycniospore nuclei, 60% 
of the cells of the thallus hyphae contained more than one nucleus as a result 
of the rapid division and migration of the introduced pycniospore nuclei. 
Lamb (13) observed very small nuclei of pycniospore origin in the vegetative 
mycelium of Puccinia phragmitis. These were believed to migrate along the 
hyphae and enter basal cells of the protoaecia where they paired with thallus 
nuclei. The small nuclei were found only in infections to which pyenial 
nectar had been applied and were frequently paired, a circumstance sugges- 
tive of multiplication by division. He states, however, that the formation 
of dikaryons throughout the whole thallus did not occur, their formation 
being restricted to the diploidized protoaecia. Andrus (5, 6) found that, in 
Uromyces appendiculatus and U. vignae, the pycniospore nuclei differ in 
size and structure, and in color of staining, so that their course through the 
thallus hyphae could be readily followed. The hyphae did not, however, 
become diploidized. 

From an extensive study of the nuclear behavior in rust fungi, Savile (20) 
concluded that only nuclei in the unexpanded state were able to migrate, but 
states that he did not observe any migrating (i.e., unexpanded) nuclei in the 
thallus hyphae. He was of the opinion that migrating pycniospore nuclei 
seldom or never divided until they reached the margin of a protoaecium. 
Unexpanded nuclei, which he believed to be of pycniospore origin, occurred 
in protoaccial cells and he assumed them to be responsible for the diploidiza- 
tion of the protoaecia. Olive (17) found no evidence in Thekospora hydrangeae 
of a stable binuclear condition outside the protoaecia. Payak (19) observed 
nuclear migrations in the thallus hyphae of Scopela gentilis, but the nuclei 
involved were indistinguishable from the other nuclei. 

If, in P. helianthi, pycniospore nuclei or their progeny migrate in an unex- 
panded state to the protoaecia, the detection of at least some of them should 
not be difficult. After pycnial nectar is applied to a haploid infection, dip- 
loidization takes place simultaneously or nearly so in all or nearly all the 
protoaecia, the pycniospore nuclei reaching all or almost all of them at about 
the same time. To initiate diploidization, one nucleus for each protoaecium 
would seem to be a necessary minimum. Infections vary considerably in the 
number of protoaecia they produce. Many have twenty or thirty and large 
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ones may have more. Shortly before diploidization sets in, two or three 
dozen of unexpanded nuclei might be expected to be present in the hyphae 
between pycnia and protoaecia. 

To ascertain to what extent unexpanded nuclei might be present in such 
hyphae, a study was made of infections to which composite nectar had been 
applied and to other infections that had not been so treated. All the infec- 
tions were in a healthy condition, and insects were excluded from them. 
Sections of such pustules were cut and examined under the microscope. 


In the Intercellular Hyphae 

It was found that, until diploidization of the protoaecia becomes evident 
in infections that had received composite nectar, the nuclear condition in all 
the infections is very similar. In general, the cells of the thallus hyphae 
are uninucleate, a finding in agreement with that of Lamb, of Savile, and of 
Olive (17). The nuclei, as already mentioned, are generally in a more or less 
expanded state and vary somewhat in shape and size. They are scattered 
in moderate numbers throughout the hyphae. Very rarely are two expanded 
nuclei found in any one cell, but, owing to the thinness of the sections, relatively 
few whole cells occurred in any one section. In addition to the more or 
less expanded nuclei, a varying number of apparently deeply staining bodies, 
of the approximate size of the pycniospore nucleus, are present in all or nearly 
all sections. Most of these appear to be the end-on or cross-sectional view 
of nuclei in hyphal cells standing perpendicularly to the plane of the slide 


bearing the section, as many hyphae are slender and the diameter of the 


nucleus conforms to that of the cell containing it. 

To avoid uncertainty in identification, only those unexpanded nuclei lying 
in pieces of hyphae that were relatively free from juxtaposed mycelial cells 
or host cell walls were reckoned as ‘pycniospore nuclei’. Within this limitation, 
the number of such nuclei was few, not comparable at all to the minimum 
number presupposed tentatively above. It is possible, however, that some 
of the deeply staining bodies mentioned above were unexpanded nuclei, 
though not regarded as such. Some of those found occurred singly; others 
occurred in pairs (Fig. 8). In infections that received composite nectar, 
approximately as many single unexpanded nuclei were found in the near 
vicinity of pycnia (Fig. 9) as elsewhere in the intercellular hyphae. This 
was not true of infections to which no nectar was applied—but fewer infections 
of this type than of the other were studied. 

That the paired unexpanded nuclei arise as the result of nuclear division 
seems quite evident, but divisions (Fig. 10) apparently occur only rarely in 
the intercellular hyphae. Figure 11 shows two daughter nuclei that are 
scarcely more than completely separated from each other. In most in- 
stances, however, each pair of daughter nuclei occurred somewhat farther 
separated and appeared as typical unexpanded nuclei. A few pairs were 
found towards the tips of hyphae (Fig. 12) and in short pieces of hyphae in 
the basal region of protoaecia (Fig. 13); the rest occurred elsewhere in the 
intercellular hyphae. Between no pair was there any evidence of cross-wall 
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formation. As the single unexpanded nuclei were indistinguishable in appear- 
ance from the unexpanded nuclei that occurred in pairs, it may be concluded 
that they, too, arose as the result of nuclear division; but whether or not any 
of them, particularly those in the immediate vicinity of pycnia, were original 
pycniospore nuclei must remain a matter of conjecture. 

Somewhat less doubt, but no actual certainty, can be entertained regarding 
the parent nuclei of some of the pairs of unexpanded nuclei. For example, 
the presence of a pair of unexpanded daughter nuclei towards the tip of a 
hypha (Fig. 12) probably indicates that the parent nucleus was a thallus 
nucleus, in which case the daughter nuclei would eventually be separated by 
aseptum. If the pair happened to be in the immediate vicinity of a pyenium 
(Fig. 14), the parent nucleus might, perhaps doubtfully, be suspected of 
having been a pycniospore nucleus. The pair in Fig. 14 have already under- 
gone slight expansion—an indication that daughter nuclei do not long remain 
in an unexpanded state. No formation of a septum between the pair is 
evident. If the pair are of pycniospore origin, probably no septum would 
be expected to form, as the two nuclei would likely have been in the act of 
migrating and might soon have taken divergent routes. 


In the Protoaecium 

Similarly, prior to the setting in of diploidization in infections that received 
composite nectar, unexpanded nuclei in relatively small numbers occur in the 
protoaecial cells of both types of infection. A few nuclear divisions would 
account for all the unexpanded nuclei in any given protoaecium. Such 
nuclei are not restricted to any particular area of the protoaecium but appear 
to occur haphazardly throughout. Most of the nuclei, as already mentioned, 
are in a more or less expanded state. 

In contradistinction, the onset of diploidization is made evident by the 
presence of an increasing number of unexpanded nuclei in the basal region 
of the protoaecium (Fig. 15). Such nuclei also occur rather commonly in 
the fringe hyphae bordering the base of the protoaecium (Fig. 16). That 
they arise as a result of nuclear division is indicated by the occasional presence 
in such hyphae of a nucleus in the process of division (Fig. 17). Apparently 
in this region division succeeds division in close order, for it would seem that 
daughter nuclei there may divide without first assuming the expanded state 
(Fig. 18). 

The subsequent pattern of development in the protoaecium has been 
explored by a number of previous workers. There seems generally to be 
agreement that at this stage nuclear division proceeds apace in the basal region, 
and that by nuclear migration, in some instances involving cell fusions, nuclei 
of pycniospore origin and protoaecial nuclei become associated conjugately 
in pairs in cells that elongate and branch to form the aeciosporophores from 
which are cut off binucleate aeciospore mother cells which, in turn, give rise 
to binucleate aeciospores and intercalary cells (Fig. 7). 

In diploidized protoaecia of P. helianthi, development leading to the for- 
mation of aeciospores seems to proceed in the manner briefly outlined above. 
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Somewhat beyond the closely compact basal cells—about one-third the 
distance from base to apex of the protoaecium—occurs a zone in which 
individual cells, each containing an expanded and an unexpanded nucleus 
(Fig. 19), appear seemingly at random among other cells, each of which has 
an expanded nucleus. This circumstance lends some probability, but no 
absolute certainty, to the view that the unexpanded nuclei in question are 
derived from pycniospore nuclei. 

The lack of certainty arises from inability to distinguish such progeny 
from nuclei of thallus origin. The arrival of introduced nuclei or their 
progeny at the base of the protoaecium seems markedly to stimulate nuclear 
division and migration in that area. Division of protoaecial nuclei may occur 
concurrently with the process of diploidization (Fig. 20). Young daughter 
nuclei resulting from such divisions are unexpanded and are indistinguishable 
from young daughter nuclei of pycniospore origin. Furthermore, migration 
of both expanded and unexpanded nuclei takes place. At least some of the 
expanded nuclei that migrate seem to be protoaecial, as appears evident in 
Fig. 21, which shows two expanded nuclei migrating in basal cells of a pro- 
toaecium. A short distance below, in another cell, an unexpanded nucleus 
has paired with an expanded one. Ability to migrate is evidently not a 
distinguishing characteristic of pycniospore nuclei or their progeny. 

Whether or not in a diploidized protoaecial cell the unexpanded nucleus is 
of pycniospore origin and the expanded one of thallus origin, it seems clear 
that the distinction in size and appearance between the two soon disappears. 
The unexpanded nucleus undergoes expansion (Fig. 22) and becomes indis- 
tinguishable from its expanded mate. At this stage, conjugate division 
occurs in some binucleate cells (Fig. 23), but, in others, the nuclear behavior 
appears less orderly than the uniformly binucleate condition of aeciosporo- 
phores would lead an observer to suspect. Cells with more than two nuclei 
are quite common, many having an odd number of nuclei. In some, all the 
nuclei are either expanded or unexpanded, but, in most, both forms are 
present, though from cell to cell the proportion of each may vary. Cells 
with three or four nuclei (Figs. 24, 25) are most common, but cells with more 
than four are not altogether rare (Fig. 26). An odd number of nuclei in a 
cell might be accounted for by the excision of one nucleus in the sectioning 
operation, or by migration of a nucleus into or out of a cell, or by the division 
of one nucleus while the rest remain undivided. 

The manner in which nuclei divide would seem to correspond closely to 
that described by Savile. The seemingly entangled chromosomes of each 
nucleus collect toward one side of the nucleus and the nucleolus takes up a 
position at the opposite side (Fig. 27)—though this is not an altogether 
uncommon position for the nucleolus to occupy where nuclear division is 
not imminent. Extrusion of the nucleolus follows (Fig. 28) and the chromo- 
somal skein undergoes considerable contraction (Fig. 29), approaching the 
typical unexpanded nucleus in size and density but usually having a some- 
what angular outline. At this stage, the mirror-image arrangement of the 
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two nucleoli and nuclei described by Savile occurs quite commonly. Disinte- 
gration of the nucleolus seems to follow soon afterwards. 

Evidence set forth in this paper indicates that the pycniospore nuclei are 
ordinary daughter nuclei that, on gaining access to a compatible mycelium, 
soon become indistinguishable from the nuclei native to the mycelium itself. 
A comparison of the three following figures will serve to illustrate this point 
of view. Figure 30 shows a portion of the basal area of a protoaecium in 
which diploidization seems imminent but not yet quite begun. The cells, 
in general, are uninucleate, each containing an expanded nucleus. One cell, 
however, has two expanded nuclei and to the right of it is a smaller cell con- 
taining two unexpanded nuclei. Circumstantially, each pair of nuclei has 
arisen as a result of the division of a protoaecial nucleus, the first-mentioned 
pair somewhat earlier than the second pair. Figure 31 shows a similar portion 
of another protoaecium that is in an early stage of diploidization. The 
nuclei here are less fully expanded than in the previous figure, but all the 
large ones appear to be native to the protoaecium. One of these nuclei 
seems clearly to be migrating into an adjacent cell that contains an unex- 
panded nucleus. The latter cell would have soon, therefore, contained an 
expanded and an unexpanded nucleus, and would then have resembled the 
cell in Fig. 32 which contains an expanded and an unexpanded nucleus, one 
of which evidently migrated into the cell. The unexpanded nucleus would 
have soon, if it has not already, begun to expand (cf. Fig. 22), and the pair 
would have then soon resembled the two expanded nuclei immediately to 
their left, which probably not so long previously arose as a result of nuclear 
division. It is quite possible, however, that this pair of expanded nuclei 
may have arisen, not as a result of nuclear division, but through the migration 
of a nucleus into the cell. 


CHANGE FROM EXPANDED TO UNEXPANDED STATE 

The view that the unexpanded stage of the nuclei of P. helianthi arises as 
a result of nuclear division is not in accord with Savile’s view that this stage 
is a functional adaptation, independent of nuclear division. He followed, in 
germinating urediniospores of U’romyces fabae, the change from the expanded 
to the unexpanded state of the nucleus, and found that germination is accom- 
panied or preceded by a reversion of the expanded nucleus to the unexpanded 
form. In this process, the nucleolus moves to one side of the nucleus, to lie 
against the nuclear membrane; the membrane breaks at this point and re- 
forms behind the nucleolus, which then drifts off into the cytoplasm and disin- 
tegrates. The nucleus contracts and rounds up to the unexpanded form. 
The two nuclei of a germ tube retain this form or become slightly expanded, 
and, if penetration of a host does not immediately occur, they undergo simul- 
taneous division Certain of these features seem to correspond to certain 
others given in his account of conjugate division in the young aecium— 
rupture of nuclear membrane, disintegration of nucleolus, contraction of 
chromosomes—and give rise to the surmise that the former are also steps in 
the divisional process. 
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To ascertain what evidence the germination of urediniospores of P. helianthi 
might afford respecting the change from the expanded to the unexpanded 
state of the nucleus, urediniospores were produced in the greenhouse and, 
after collection, were stored in a stoppered glass vial in a refrigerator at 40°— 
45°C. They were sown from time to time on the surface of tap water in 
evaporating dishes filled to a depth of about one inch. Others were sown on 
small rectangular pieces of washed thin cellophane that were then floated on 
water (initial temperature about 20°C). The dishes were left standing on a 
laboratory desk. Samples were taken from time to time, and fixed and 
stained. 

No nucleoli were differentiated in the germ-tube nuclei by any of the staining 
procedures earlier mentioned. The absence of nucleoli (Fig. 33) in such 
nuclei was confirmed by Dr. C. F. Robinow, of the Department of Bacteriology 
and Immunology, Faculty of Medicine, University of Western Ontario, 
London, Ontario. Nucleoli can, however, be differentiated without difficulty 
in the nuclei of immature urediniospores. It would appear that, in P. helianthi, 
the nuclei of germinating urediniospores extrude their nucleoli, presumably in 
the manner described by Savile for Uromyces fabae, before the nuclei emerge 
from the spore. The loss or extrusion of the nucleoli seems, however, to 
occur as a preliminary to the division of the nuclei, as was mentioned earlier 
in this paper in connection with nuclear division in the young aecium. 

When the nuclei emerge from the spores, most of them are in an expanded 
form (Fig. 34). Most of the remainder are more or less expanded and have 
somewhat of a cone or arrowhead shape (Fig. 35). A few are in an unexpanded 
state (Fig. 36). In some of the expanded nuclei, the margin at one plane of 
focus may appear entire, but, at another (e.g., lower) plane, a wide rupture 
may be present, probably resulting from the extrusion of the nucleolus. With 
the rupture apparenily begins the initial phase of the cone or arrowhead 
stage. Subsequently the nuclei undergo a succession of changes in form. 
Initially the trend is clearly from the expanded to the unexpanded form, the 
cone or arrowhead form and its many modifications being intermediate 
stages (Fig. 37) between the expanded and the unexpanded state. The 
unexpanded nuclei then elongate to a greater or less extent (Fig. 38) and 
some at least assume a somewhat skein-like form. Each of the nuclei then 
resolves itself into two daughter nuclei (Fig. 39). The more or less attenuate 
daughter nuclei contract and assume an unexpanded form (Fig. 40). Initially, 
these are somewhat smaller and seem clearly to have less mass than the unex- 
panded stage of parent nuclei. Whether or not, in dividing, a pair of nuclei 
may omit the predivision unexpanded stage needs clarification. 

The process leading to nuclear division appears therefore to start in the 
germinating spore, with the extrusion of the nucleoli occurring before the 
nuclei pass out into the germ tube; and it may extend over a period of 12 to 
15 or more hours. Some of the forms assumed by the nuclei correspond, 

‘On the kind invitation of the Head of that Department, the writer spent two or three days 


with Dr. Robinow, who, during that time, carried out several staining procedures on germ 
tubes of freshly germinated urediniospores of P. helianthi. 
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mutatis mutandis, to forms met with in nuclear divisions in the young aecium. 
For example, the cone-shaped or arrowhead stage seems to correspond to 
what Savile regarded in the young aecium as the beginning of the prophase, 
with the chromosomes gathered to one side of the nucleus. In both cases, 
this form is succeeded by an unexpanded form. To some extent, at least, 
dividing nuclei must accommodate their behavior to the space available to 
them, so that, at a given stage, their appearance in a germ tube may be some- 
what unlike that, for example, in a cubical cell. Up to the unexpanded stage, 
the two nuclei are usually ranged in tandem, one in advance of the other, 
but thereafter, until division is completed, they may lie side by side about as 
often as in tandem. The daughter nuclei, however, take up positions in 
tandem (Fig. 41), unless sufficient lateral space, as in the knob-like tip of an 
old germ tube, permits them to remain temporarily in a group. 

The study was not carried further. Presumably the unexpanded daughter 
nuclei remain in the unexpanded form until the death of the germ tube, for, 
by the time division is completed, the cytoplasm o! the germ tube is largely 
exhausted. Had the germ tubes succeeded in penetrating a host plant, the 
unexpanded nuclei would have undoubtedly soon begun to assume an expanded 
form, that is to say, as soon as adequate nourishment was made available to 
them. Savile states that, in the germ tubes of Uromyces fabae, daughter 
nuclei are in the unexpanded form; but that, in initial infection hyphae, the 
nuclei, in general, are partly expanded, though a few may be fairly well 
expanded and some others unexpanded. His finding accords with the view 
just stated. In fact, it seems probable that, in most, if not all, of the locations 
in which Savile found unexpanded nuclei regularly to occur—e.g., basidium, 
basidiospore, pedicel of urediniospore, and others already mentioned—their 
presence can be associated with the process of nuclear division, either before 
or after division is completed, the unexpanded form being, respectively, that 
of the parent nuclei or their young daughter nuclei. 
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EXPLANATION OF FIGURES 
PLATE I 


Fic. 1. | Nuclei in cells of the basal region of a protoaecium stained with methyl green 
and pyronin: the conspicuous dark (red) nucleoli are each surrounded by a pale (green) 
halo of chromatic material which, in turn, is enveloped by the dark (red) cytoplasm of 
the cell. 1260. 

Fic. 2. Section through a pycnium showing unexpanded nuclei in the direc 
and expanded or partially expanded nuclei in the pycniosporophores. _ 400 

Fic, 3. Right-hand basal portion of the pycnium section shown in Fig. 2... 1400. 

Fic. 4. A flexuous hypha with an expanded nucleus. Possibly a fusion with a 
pycniospore is in progress at the tip. 1000. 

Fic. 5. Section through a pycnium showing a nucleus undergoing division in a 
pycniosporophore. 1260. 


PLATE 


Fic. 6. Fusion of a pycniospore and a flexuous hypha. The pycniospore nucleus has 
entered the hypha and has moved down it a short distance. It seems now to be slightly 
larger than the spore from which it came. 1100. 

Fic. 7. Portion of a section through a young aecium showing unexpanded nuclei in 
the accessory cells and expanded nuclei in the aeciospores. X 2000. 

Fic. 8. A pair of unexpanded daughter nuclei in an intercellular hypha. 1260. 

Fic. 9. An unexpanded nucleus in a hypha just beyond the base of a pycnium. 


Fic. 10. Nuclear division in progress at the tip of an intercellular hypha. 1100. 

Fic. 11. A pair of unexpanded very young daughter nuclei with ends of trailing chro- 
mosomes evident at the opposing sides of the pair. 1260. 

Fic. 12. A pair of unexpanded daughter nuclei in an intercellular hypha near its tip. 
x 1100. 

Fic. 13. A pair of unexpanded daughter nuclei in a basal hypha of a protoaecium. 
1100. 


PLATE III 


Fic. 14. A pair of slightly expanded daughter nuclei in a hypha close to the base of 
a pycnium. (Basal cells of pycnium just beyond the upper right-hand corner.) X1 500. 

Fic. 15. Portion of the basal region of a protoaecium in which the presence of an in- 
creased number of unexpanded nuclei indicates the onset of diploidization. 1100. 

Fic. 16. Unexpanded nuclei in hyphae immediately adjacent to the base of a pro- 
toaecium. 1100. 
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Fic. 17. A nuclear division maaan completion in a hypha immediately adjacent to 
the base of a protoaecium. 1100 

Fic. 18. An unexpanded nuc leus and a nuclear division (apparently of - unexpanded 
daughter nucleus) in a hypha adjoining the base of a protoaecium. 110 

Fic. 19. A portion of a section through a diploidized protoaecium aie three or 
four binucleate cells, each containing an unexpanded and an expanded nucleus. X 1000. 


PLATE IV 


Fic. 20. The division of a (presumably) protoaecial nucleus in a basal cell of a pro- 
toaecium. A diploidized cell lies nearby to the right. 1100. 

Fic. 21. Two migrating nuclei in the basal region of a partially diploidized protoaec- 
ium. 1100. 

Fic. 22. Cells in the basal region of a partly diploidized protoaecium, one of which 


contains an expanded nucleus and a partially expanded nucleus. 1200. 
Fic. 23. Cells in the basal region of a partially diploidized anes in one of 
which a conjugate nuclear divi ision is in progress. X 1260. 


Fic. 24. Cells in the basal region of a diploidized protoaecium, one of which contains 
one expanded and two unexpanded nuclei. 1100. 


PLATE V 

Fic. 25. As in Fig. 24, except that the cell contains four nuclei, two expanded and 
two slightly expanded. 1100 

Fic. 26. Cells in the basal region of a diploidized protoaecium, one of which contains 
four expanded nuclei and one unexpanded nucleus. X 1260. 

Fic. 27. Aeciosporophores of a young aecium, one of which contains two conjugate 
nuclei which are in the process of extruding their nucleoli. x 1400. 

Fic. 28. An aeciosporophore containing two conjugate nuclei that have extruded 
their nuclei and are now somewhat contracted and irregular in form. The nucleoli lie 
nearby. Immediately to the right in another aeciosporophore lie two other conjugate 
nuclei, both of which have extruded their nuc leoli (one of which is out of focus). XX 2000. 

Fic. 29. Aeciosporophores of a young aecium, one of which contains two deeply 
stained conjugate nuclei that have extruded their nucleoli and have undergone considerable 
contraction. The nucleolus of the right-hand nucleus lies just below it and that (appar- 
ently somewhat disintegrated) of the left-hand nucleus close by to its left. x 1260. 

Fic. 30. Cells in the basal region of a protoaecium in which diploidization has not 
yet begun. One cell contains a pair of expanded nuclei and another cell to the right of 
it, a pair of unexpanded nuclei. 1260. 

Fic. 31. Cells in the basal region of a protoaecium which is in an early stage of diploid- 
ization. An expanded nucleus is in the process of migrating into a cell containing an 
unexpanded nucleus. 1100. 


PLaTe VI 

Fic. 32. Cells in the basal region of a diploidized protoaecium. One cell contains 
two expanded nuclei and another nearby to the left contains an expanded and an unex- 
panded nucleus. 1100. 

Fic. 33. Two expanded conjugate nuclei in a young urediniospore germ tube. No 
nucleoli are present. (Fixative, half-strength Schaudinn’s fluid plus 2% acetic acid; 
stain, iron alum haematoxylin. Mount and photograph by Dr. C. F. Robinow.) X 3600. 

Fic. 34. A young germ tube with two expanded nuclei that have just emerged from 
the spore. 1100. 

Fic. 35. The tip of a germ tube with two nuclei in a late arrowhead stage. 1200. 

Fic. 36. A young germ tube with two unexpanded nuclei. 1100. 

Fic. 37. A young germ tube with two expanded nuclei in an early cone or arrowhead 
form. X 1400 

Fic. 38. Two unexpanded nuclei undergoing elongation in a germ tube. 1100. 

Fic. 39. Portion of a germ tube with four attenuate daughter nuclei lying side by 
side. 1260. 

Fic. 40. Portion of a germ tube with four daughter nuclei in process of contraction 
to an unexpanded state. 

Fic. 41. Portion of a germ tube with four partially expanded daughter nuclei in tan- 
dem. 1260 
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MICROFUNGI 
IV. TRICHOCLADIUM CANADENSE N. SP.' 


S. J. HUGHEs 


Abstract 


Trichocladium canadense n. sp. is described from 20 Canadian isolations made 
from wood of sugar maple, yellow birch, beech, trembling aspen, and western 
hemlock. 


Twenty isolations of this species have been received at Herb. DAOM from 
Canada Department of Agriculture Forest Pathology Laboratories in Victoria, 
B.C., Maple, Ont., and Fredericton, N. B., and from the Forest Products 
Laboratory, Ottawa, Ont. These isolations were made from a log of Betula 
Jutea in storage, and from trunk and butt rots of Acer saccharum, Betula lutea, 
Fagus grandifolia, Populus tremuloides, and Tsuga heterophylla. 

On potato dextrose and malt agars, abundant chlamydospores are pro- 
duced to give the colonies a black appearance; occasionally some yellowing 
of the medium occurs. Some isolations grow twice as fast on malt agar as 
they do on potato dextrose agar. 

Most of the mycelium is immersed. It is composed of hyphae which are 
2.5-5.4 w wide, with the cells 6.5-33 uw long. The hyphae are hyaline to 
reddish-brown to very dark brown: the difference in coloring of neighboring 
hyphal cells may be quite marked. 

Chlamydospores (Figs. 1-3) are produced in great abundance in the agar 
or on its surface. They are sessile or produced on 1- to 4-celled, hyaline to 
dark reddish brown or brown stalks up to 40 w long and 2.5—5.5 w wide. 
Chlamydospores are infrequently 1-celled and 9-11 mw in diameter: usually 
they are 2-celled, pale brown to very dark brown or almost black, oval to 
broadly clavate, smooth, thick-walled, occasionally slightly constricted at 
the septum, 12-18 X8-12 uw. Some chlamydospores are 3- to 5-celled and may 
be monilioid, up to 56 w long and 11 w wide. The apical cell of each chlamydo- 
spore always bears a terminal pale and thin-walled area (? germ pore), 
whereas the other cells may possess a single thin zone or rarely two such 
zones near the base of each particular cell.” 

Some isolations produce scattered, solitary phialides (Fig. 1), or two and 
rarely three may be produced on a common stalk. These are hyaline, subulate 
or very narrowly obclavate, 25-65 wu long, 2.4-2.7 uw wide at the base, and 
1.3-1.6 mw wide at the open end which has a short collarette. Phialospores are 
clavate to oval, hyaline, 1-celled, produced in a slimy head, and measure 
4-6.8X1.6-2.4 mw. 

1Manuscript received May 6, 1959. 

Contribution No. 5 from the Plant Research Institute, Research Branch, Canada Depart- 


ment of Agriculture, Ottawa, Ontario. f 
2Similar thin-walled areas are also found in Trichocladium asperum Harz, the type species. 
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Fic. 1. Trichocladium canadense Chlamydospores, phialides, and phialospores from a 
month-old culture on malt agar of DAOM 41002. 1000. 


Trichocladium canadense sp. nov. 

Ex culturis in agaro descripta. 

Coloniae atrae, effusae, agaro aliquando fulvescens. 

Mycelium ex hyphis plerumque immersis, ramosis, septatis, laeves 2.5-5.5 uw 
crass., cellulis 6.5-33 w long., hyalinis vel ferruginosis vel atro-brunneis com- 
positum. 

Chlamydosporae numerosae immersae vel superficiales, sessiles vel in stipite 
hyalinae vel atro-brunneae, 1—4-cellulatae, ad 40 w long., 2.5—-5.5 uw crass., 
oriundae. Chlamydosporae raro 1-cellulatae, 9-11 uw diam., plerumque 
2-cellulatae, pallide-brunneae vel atro-brunneae vel atrae, ovales vel clavatae, 
laeves, crasso-tunicatae, subinde ad septas constrictae, 12-18X8-12 y, ali- 
quando 3-—5-cellulatae, monilioideae, ad 56 wu long., 11 w crass. Cellula apicalis 
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Fics. 2 and 3. Trichocladium canadense. Chlamydospores from a month-old culture 
on malt agar of DAOM 41005. Fig. 2, X25. Fig. 3. 420. 
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‘poro germinationis’, cellulis aliis aliquando 1 vel raro 2 ‘poris’ ad basim 
praedita. 

Phialides hyalinae, subulatae vel angustiore obclavatae, 25-65 yw long., ad 
basim 2.4-2.7 crass., apicem versus 1.3-1.6 crass. 

Phialosporae ovales vel clavatae, hyalines, 1-cellulatae, 4-6.8X1.6-2.4 uy, 
in capitulum mucosum productae. 

Habitat: ex truncis arborum Canadensium isolatum: Acer saccharum, 
Lindsay, Ont., DAOM 41003, 41005, 58028, 58029; Betula lutea, N. B., 29304, 
29305, 33776, 33777, Gagetown, N.B., 51150, 51151, 51152, 51153, 51165, 
Lindsay, Ont., 41002, 41006; Betula papyrifera, Ottawa, Ont., 59232; Fagus 
grandifolia, Lindsay, Ont., 41004; Populus tremuloides, N.B., 35098, 35099; 
Tsuga heterophylla, Copper Canyon, B.C., 35403. 

Typus: Pars exsiccata et in Herb. DAOM 58028 praeservanda. 

What is quite possibly Trichocladium canadense was described and illustrated 
by Siggers (2) in 1922 under the name Torula ligniperda (Willk.) Sacc. 
(=Xenodochus ligniperda Willk.). In 1928, Lagerberg, Lundberg, and Melin 
(1, p. 231) doubted whether HZormonema dematioides Lagerb. & Melin (=pos- 
sibly Pullularia pullulans (de Bary) Berkh.) is distinct from Willkomm’s 
fungus. The name Torula ligniperda has also been used for another fungus 
which is regarded as one of the more common causes of red heart disease of 
paper birch (Betula papyrifera). 

For correcting the Latin diagnosis | am much obliged to Dr. B. Boivin. 
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DEPOSITION OF CELL WALLS IN OAT COLEOPTILES! 
G. SETTERFIELD AND S. T. BAYLEY 


Abstract 


Autoradiographs of squashed cell walls from coleoptile segments grown on a tri- 
tiated sucrose solution show that wall deposition is not localized at a few synthetic 
centers but occurs over the whole area of the wall. Autoradiographs of sections 
of such segments also demonstrate that wall materials are deposited throughout 
the depth of the thickened outer epidermal walls. Electron microscopy of sec- 
tions of coleoptile cells failed to detect any evidence for deep penetration of cell 
walls by the cytoplasm. It is concluded that in these and some other types of 
cell walls, individual enzyme molecules bound in an organized pattern to the 
wall are responsible for synthesizing new wall materials from precursors diffusing 
into the wall. 


Introduction 

Studies of thickened primary walls in elongating cells (1, 3, 12) have shown 
that throughout their thickness these walls possess a highly organized struc- 
ture which is maintained and even developed during growth. To explain 
these observations, it has been suggested that new wall material is deposited 
throughout the whole wall and not only at the inner surface (1, 3). 

In a previous short communication (19) preliminary direct evidence sup- 
porting this suggestion was presented. High-resolution autoradiographs 
of transverse sections of the outer walls of epidermal cells of oat coleoptile 
indicated that tritium derived from tritiated sucrose was incorporated through- 
out the entire thickness of the wall. The present paper presents more de- 
tailed results which confirm and extend the preliminary findings. In addition, 
the tritium autoradiograph technique has been applied to intact epidermal 
and parenchyma cell walls squashed on slides. The results from this ap- 
proach indicate that cell wall formation occurs evenly over the entire wall 
rather than at restricted centers of synthesis. Electron microscope observa- 
tions of coleoptile cells were also made to show that extensive penetration 
of the wall by cytoplasm does not occur. 


Materials and Methods 


Autoradiographic studies were performed on isolated segments of oat 
coleoptiles (lvena sativa var. Lanark) germinated and grown by the general 
methods described previously (13, 18). Briefly, segments 4-8 mm long were 
cut 3 mm below the tip of rapidly growing etiolated coleoptiles, 15 to 25 mm 
long. After being floated for 3 hours on 1 -p.p.m. manganese sulphate, the 
segments were floated on about 1 ml of growth medium and rotated gently 
in the dark for the required growth period (3 to 21 hours). The basic growth 
medium consisted of 0.01 J/ phosphate-citrate buffer (pH 5.0), 8 p.p.m. 
indoleacetic acid, and 2% tritiated sucrose. In some control experiments 
this basic procedure was modified (see Results). At the end of the required 
growth period the segments were killed in 70° ethanol. 


‘Manuscript received April 15, 1959. 
Contribution from the Division of Applied Biology, National Research Council, Ottawa, 


Ontario. 
Issued as N.R.C. No. 5229. 
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The tritiated sucrose, prepared by the method of Wilzbach (29), was 
supplied by Merck and Co. (Montreal) with a specific activity of 40 me/g. 
To remove remaining exchangeable tritium atoms, the sucrose was three 
times dissolved in water (250 mg/250 ml) and evaporated to dryness in a 
Craig evaporator. The studies of Green (10) on incorporation of tritium 
into Nitella walls would suggest that exchangeable tritium atoms are not a 
serious factor in this type of work. 

For studying the incorporation of tritium into outer epidermal walls, 
the killed segments were cut into short pieces (1 to 2 mm long), dehydrated, 
and embedded in paraffin. Before dehydration some of the segments were 
extracted to remove most non-cellulosic wall substances and cytoplasm. 
Three methods of extraction were used: 

1. 0.1 .V HCI, 1 hour at 90° C + 17.5% NaOH, 1 hour at room temperature. 

2. 0.1 NV HCl, 1 hour at 90° C + 4% NaOH, 1 hour at room temperature. 

3. 10°) pectinase, pH 4.0, 6 hours at room temperature (prior killing in 

70°% ethanol was omitted for this extraction). 
The extracted segments were washed several times in water before dehydration. 

From the embedded segments, transverse sections 6m thick were cut, 
mounted on slides, deparaffined in xylol, and hydrated. Autoradiographs 
were prepared by the stripping film technique, using Kodak (London) A.R. 10 
plates, and exposed for 10 days. They were developed in D-19 at 20°C 
for 6 minutes and mounted in water for observation under bright field and 
phase contrast illumination. It was found that drying of the autoradio- 
graph film caused the thin parenchyma walls, and occasionally the outer 
epidermal walls (particularly after extraction), to fold over and flatten on the 
slide. Use of thinner, 2m, sections did not prevent this. However, with 
6m sections it was easy to detect and avoid flattened outer walls. 

In preparing the squashes killed segments were cut into short pieces and 
extracted in the following manner: 0.1 V HCl, 1 hour at 90° C, followed by 
4% NaOH, 1 hour at room temperature and 1 hour at 90°C. The segments 
were then washed several times in water and squashed on slides in 50% 
acetic acid. Cover glasses were removed on dry ice (8) and the slides, with 
adhering tissue, rinsed in 959% ethanol and air-dried. Autoradiographs 
were prepared and examined as with the sections. The autoradiographs of 
squashed walls were exposed for 21 days in the hope of obtaining a measurable 
reaction from cells grown for relatively short times in tritiated sucrose. 

For electron microscope observations on the interaction of walls and 
cytoplasm, segments 0.5 to 1 mm long, from rapidly growing coleoptiles, 
were fixed in buffered 2% osmium tetroxide, pH 7.3 (14), containing the 
inorganic salts of White's medium (28) and 0.4 MW sucrose. Fixation was for 1 
to 2 hours at 0° C. The tissue was then washed, dehydrated, and embedded 
in methacrylate (4 parts butyl to 1 part methyl, catalyzed with 0.1°% benzoyl 
peroxide). Thin sections were cut both transversely and longitudinally 
and examined with embedding medium present. 
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Results 

Growth of Segments 

Table I summarizes the data on lengths of coleoptile segments, measured 
to the nearest half millimeter, from several experiments. It can be seen that 
segments grown on the basic growth medium with tritiated sucrose more than 
doubled their length in 21 hours. This growth rate is similar to that obtained 
with unlabelled sucrose under the same conditions (2). Addition of 0.3 
mannitol to the growth medium essentially inhibited elongation while seg- 
ments previously killed in ethanol showed no growth. 


TABLE I 
Lengths of isolated oat coleoptile segments grown on tritiated sucrose and used for the 
autoradiograph experiments 


Meanf length at time 


Initial killed, mm 

Experi- length, 
ment Growth medium mm 3 hr 9 hr 21 hr 
1 Basic* 6 7.4 10.5 14.4 
2 Basic 8 10.1 16.7 
3 Basic 8 ~- 14 20.7 
Basic + 0.3 M mannitol 8 —- 9.5 9.7 
4 Basic 4 — -= 8.5 
Basic (previously killed in boiling ethanol) 4 - 4.0 
Basic (previously killed in cold ethanol) 5 ~ - 5.0 


*The basic growth medium contained 0.01 M phosphate-citrate buffer (pH 5.0), 8 p.p.m. IAA, and 2% tritiated 
ay are from 4 to 10 individual coleoptile segments. 
Resolution of the Autoradiographs 

The value of the experiments presented below depends mainly on the 
production of autoradiographs with a resolution of 1 or better. The actual 
resolution of the autoradiographs can be judged from the lack of scattering 
of the silver grains about the edges of the walls (N.B. particularly Figs. 1, 3, 
12, 20). Almost no silver grains above the background level were found 
more than 0.5 yu from the edges of the walls. This indicates that the resolu- 
tion of the autoradiographs was approximately 1. Perkins et a/. (15) have 
shown that autoradiographs of small pieces of amorphous tritiated sucrose 
gave a resolution of 1 yu or better. 


Autoradiographs from Transverse Sections of Epidermal Walls 

Typical autoradiographs from transverse sections of unextracted outer 
walls of epidermal cells are shown in Figs. 2-4. Walls grown for 3 hours in 
isotope showed very light incorporation of isotope (Fig. 2). Incorporation 
was considerably greater at 9 hours and most at 21 hours (Figs. 3, 4). The 
silver grains were spread over the entire thickness of the walls although there 
was often a tendency for more grains toward the inner surface (Fig. 2). It 
should be noted that in many of the figures the thin radial walls of the epider- 
mal cells have collapsed and are at a different focal level from the outer walls. 
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The three methods of extraction used to remove non-cellulosic materials 
gave essentially similar results, as shown in Figs. 5-8. In all cases the ex- 
tracted walls gave a somewhat reduced autoradiograph compared with 
unextracted walls grown for the same time in tritiated sucrose. Again, the 
silver grains were distributed over the entire wall thickness, with some tendency 
for concentration at the inner surface. As judged from electron microscopy 
(2), the HCl-NaOH treatments only partially extract the non-cellulosic 
components of the wall but remove most of the cytoplasm.2 Pectinase, 
on the other hand, leaves essentially only microfibrils in the wall but does not 
remove cytoplasm (1, 2). Evidently, therefore, autoradiographs produced 
by extracted walls must be due mainly to incorporation of tritium into the 
cellulose fraction of the wall. 


Autoradiographs from Squashed Parenchyma and Epidermal Cell Walls 

The autoradiographs of squashed cell walls are shown in Figs. 9-14. Cells 
grown for 3 hour in tritiated sucrose gave no recognizable autoradiograph. 
A very light autoradiograph was given by cells grown 1} hours in isotope 
(Fig. 9) and the density of the autoradiographs increased roughly in propor- 
tion to the time in isotope (Figs. 10-14). In all autoradiographs from squashed 
cells, the silver grains were distributed randomly and showed no evidence of 
localized wall deposition. 


Control Autoradiograph Experiments 

The autoradiographic results could be invalidated by such artifacts as 
chemoradiography, adsorption of labelled substances, or the presence of 
exchangeable tritium atoms, all of which could produce silver grains unrelated 
to metabolic incorporation of tritium. Several experiments were performed 
to assess the extent of these possible errors. 

To test for chemoradiography, sections from unextracted, intact coleoptiles 
which had no contact with tritiated sucrose were mounted and covered with 
film. After 10 days’ exposure there was no increase in silver grains, above 
the background level, over the cells, indicating insignificant chemoradiography. 

To measure the possible contributions to the autoradiographs of exchange- 
able tritium atoms or adsorption of labelled substances, coleoptile segments 
were killed in 80% ethanol and then placed on the growth medium for 24 
hours. Two ethanol treatments were used, viz., 3 minutes at room tempera- 
ture and 10 minutes in boiling ethanol, and gave the same results. Auto- 
radiographs of sections of the previously killed cells showed no measureable 
incorporation of tritium into the walls (Fig. 15). Interestingly however, the 
cytoplasm of these cells was quite heavily labelled. Possible explanations of 
this phenomenon are either that denatured cytoplasm was effective in ad- 
sorbing sucrose or that residual enzyme activity remaining after the ethanol 
treatment caused tritium accumulation. Segments which were extracted 

2Direct chemical measurements, kindly performed by Dr. C. T. Bishop, indicate that the 


HCl -4% NaOH extraction (see Materials and Methods) removes about 75% of non-cellulosic 
materials from oat coleoptile walls. 
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with HCl-NaOH to remove cytoplasm, of course, gave no measureable 
autoradiograph. The results indicated that no significant non-metabolic 
incorporation of isotope into the walls occurred. 

The use of mannitol also provides a means of showing that incorporation 
of tritiated sucrose into the walls was related to the metabolic processes of cell 
elongation. It has been shown that in oat coleoptiles mannitol, while osmo- 
tically inhibiting cell elongation, prevents wall deposition without markedly 
influencing respiration (2). Figures 16 and 17 show that segments grown 
for 21 hours in tritiated sucrose with an inhibitory concentration of mannitol 
(Table 1) incorporated very little isotope into their walls. Unextracted 
walls showed a small number of silver grains, particularly on the inner side 
(Fig. 16), while extracted walls showed essentially no grains (Fig. 17). 

Aside from the above experiments, differential incorporation of tritium 
into different types of cells within the coleoptile and primary leaf also indicated 
that the incorporation was, primarily metabolic. The leaves within coleoptile 
segments generally grew little and in the autoradiographs the parenchyma 
of the leaves usually showed considerably less incorporation of tritium than 
coleoptile parenchyma (Fig. 18). Occasionally the leaves, particularly 
in segments from short coleoptiles, grew quite rapidly. In one such case the 
leaf cells showed markedly greater incorporation of isotope than the coleoptile 
cells (Fig. 

The secondary walls of tracheids within both leaves and coleoptiles con- 
sistently showed variable uptake (Fig. 20). Some walls were unlabelled, 
some showed light activity on the inside, while others were heavily labelled 
throughout. Presumably this variable uptake represents variable amounts 
of wall synthesis in different cells during growth in tritiated sucrose. The 
unlabelled cells ceased synthesis before being placed in isotope, the lightly 
labelled cells completed synthesis in the isotope while the heavily labelled 
cells deposited wall throughout the period in isotope. The distribution of 
silver grains over the lightly labelled cells was in agreement with the accepted 
notion that secondary wall formation is by apposition (Fig. 20). 

Interestingly, the guard cells of both leaves and coleoptiles showed very 
heavy incorporation of tritium (Fig. 21) indicating a high rate of metabolic 
activity within these cells. 


Electron Microscopy 

The electron microscope observations were made to determine the extent 
of penetration of the walls by organized cytoplasm. Extensive studies of 
thin sections of coleoptile cells showed that except for fine plasmodesmata 
localized at pit fields, similar to those described elsewhere (5, 21, 23), pene- 
tration of the walls by cytoplasm does not occur. Figures 22 and 23 are typical 
views of cytoplasm and walls at the thick epidermal wall, while Fig. 24 shows 
a portion of a thickened corner between parenchyma cells. There is a smooth 
boundary, marked by the dense plasma membrane, between the wall and 
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cytoplasm. The dense penetrations of the epidermal wall previously de- 
scribed (3) are now considered artifacts due to folding since they are not 
found in very good sections and when present always run in the same direction 
as the knife edge. Sitte (23) has reached the same conclusion. 


Discussion 


Two main points emerge from the autoradiograph results. First, both the 
sections, and more particularly, the squashes, indicate that synthesis of 
primary cell wall is not localized at large centers of synthesis such as pit 
fields. This conclusion had already been reached from C'-autoradiography 
(18, 25) but it can now be stated with considerably more precision on the basis 
of the high resolution autoradiography used here. Second, the sections of 
epidermal walls clearly indicate that deposition of wall material takes place 
throughout the entire thickness of these thickened primary walls. Most 
of this deposition is probably added onto existing structure to maintain the 
ordered layering of the wall during elongation (1). The slightly greater 
uptake of tritium towards the inner side of the walls is probably due both to 
adhering cytoplasm in unextracted walls and to addition of new layers of 
cellulose and non-cellulosic materials on the inside of the walls. Bayley 
et al. (1) have shown that the number of such layers increases as elongation 
proceeds. 

Deposition of material throughout thickened walls might conceivably be 
explained through penetration of the wall by strands of organized cytoplasm. 
This mechanism has been proposed by numerous authors (e.g., 4, 9) as a 
basis for growth of walls by intussusception. Electron microscopy of thin 
sections provides a direct test of this hypothesis and indicates unequivocally 
that penetration of the wall by organized cytoplasm is not a factor in deposi- 
tion of thickened primary walls. Rather, it appears that wall deposition can 
take place remote from the surface of the organized cytoplasm. 

Taking the results as a whole it seems reasonable to assume that wall 
synthesis occurs at the level of individual enzyme molecules bound in an 
organized pattern to the wall. This is to say that polymeric wall substances 
are probably formed in position in the wall, rather than being formed at 
localized areas of synthesis and then moved to their position in the wall. 
In the case of the thickened epidermal walls the enzymes are presumably 
bound throughout the thickness of the wall and precursors of low molecular 
weight diffuse through the wall to reach the points of deposition. Cell walls 
fixed with osmic acid often show a diffuse density in the electron microscope 
which could be due to bound proteins. Indeed, it is sometimes possible to 
see fine dense lamellae in the wall (16) which indicate the presence of organized 
non-polysaccharide materials. Since in the epidermal walls the new wall 
material is merely added to pre-existing structure, the organization of new 
material could be controlled by this structure. In its simplest terms this 
process may be considered a form of intussusception without the necessity 
of penetration of the wall by cytoplasm. 
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Several additional lines of evidence derived from structural studies suggest 
that cell wall synthesis can take place remote from the cytoplasm. Parenchyma 
cells of oat coleoptiles possess distinct ribs of longitudinal microfibrils which 
lie outside the approximately transversely oriented microfibrils of the main 
wall (20, 26). These outer ribs are maintained during extensive elongation 
without detectable thinning. A similar but more striking example occurs 
in young collenchyma cells of celery where regular layers of longitudinal 
microfibrils are formed and although remote from the cytoplasm are main- 
tained and developed during elongation (3). Sterling and Spit (24) have also 
suggested that, to account for observed fine structure, additions must occur 
to outer layers of developing fibers in asparagus. It is interesting to note 
that in all of these walls where synthesis may occur remote from the cyto- 
plasm, microfibrils occur with an orientation approaching longitudinal. 
Whether this correlation has significance remains to be seen. 

Aside from evidence derived from such structural considerations, direct 
evidence is available that cellulose at least need not be synthesized in direct 
contact with cytoplasm. Colvin et al. (6) have suggested that cellulose 
microfibrils form and grow in the medium of cultures of Acetobacter xylinum 
without direct contact with cells. More recently, Colvin (7) has reported 
that microfibrils can form in vitro in ethanolic extracts of A. xylinum cells. 
The suggestion that organized biological materials may form without direct 
intervention by organized cytoplasm is not unique. Siegel (22) has shown 
that synthesis of lignin may occur on non-living surfaces, while in animals 
it has been suggested that collagen microfibrils may form in oriented arrange- 
ments remote from cytoplasm (27). 

It should be noted however that deposition of cell wall substances remote 
from the cytoplasm must be a controlled process which is by no means uni- 
versal. Structural considerations and the casual autoradiographic observa- 
tions here presented (Fig. 20) indicate that thick secondary walls are deposited 
by apposition at the inside. Similarly, most layers in celery collenchyma 
walls (3), the transversely oriented microfibrils in thin parenchyma walls 
(18, 20, 25, 26), and the thin secondary walls of parenchyma cells (20, 26) 
all appear to be deposited at the cytoplasmic surface. Green (10), using a 
tritium-counting technique, has also provided direct evidence that the walls 
of elongating Nitella cells are formed by apposition. In this latter case, 
however, there seems to be some confliction between tracer (10) and struc- 
tural (11) evidence. If only apposition takes place, it is difficult to see why 
reorientation of the outer microfibrils to a more longitudinal direction does 
not occur, as postulated in the multinet theory (17). 

Considering the great diversity of results from observations of the structure 
and deposition of numerous growing walls it now seems clear that a variety 
of processes may operate and that, as previously stated (1, 3), no simple 
general theory of wall growth, such as the multinet theory (17), is adequate to 
explain all phenomena. Although the physical stresses present in growing 
cells may produce passive changes in wall structure it appears that wall 
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formation is, in the main, an active process under control of the mechanisms 
of differentiation of the organism. The nature of this control is largely 
unknown, although Boysen Jensen (4) has recently shown that the form of 
parenchyma walls in bean stems is closely related to auxin concentration. 
The fact that deposition of cell wall material may occur in a controlled manner 
remote from the cytoplasmic surface greatly increases the possible complexities 
of wall structure which may arise. 
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EXPLANATION OF FIGURES 


PLATE I 
Fics. 1-8. Autoradiographs of transverse sections of oat coleoptile segments. Cy, 
cytoplasm; O, outer epidermal walls. 

IG. 1. Parenchyma cells in a segment grown 21 hours on tritiated sucrose. The 
walls have been flattened onto the slide. The lack of scattering of silver grains from the 
edges of the walls indicates the high resolution of the autoradiographs. Unextracted. 
Bright field. « 1000. 

Fic. 2. Epidermal cells in a segment grown 3 hours on tritiated sucrose. Unextracted. 
Phase contrast. 1000 
Fic. 3. Epidermal cells in a segment grown 9 hours on tritiated sucrose. Unextracted. 
Bright field. 1000. 
Fic. 4. Epidermal cells in a segment grown 21 hours on tritiated sucrose. Unex- 
tracted. Bright field. 1000. 
Fic. 5. Epidermal cells in a segment grown 3 hours on tritiated sucrose. Pectinase 
extraction. Phase contrast. 1000. 
Fic. 6. Epidermal cells in a segment grown 9 hours on tritiated sucrose. HCl + 
17.5% NaOH extraction. Phase contrast. 1000 
Fic. 7. E pidermal cells in a segment grown 21 ‘hours on tritiated sucrose. HCl + 
17.5% NaOH extraction. Phase contrast. 1000. 
Fic. 8. Epidermal cells in a segment grown 2i hours on tritiated sucrose. Pectinase 
extraction. Bright field. 1000. 


PLATE II 

Fics. 9-14. Autoradiographs of squashed parenchyma and epidermal cells from oat 
coleoptile segments. 

Fic. 9. (a) Phase contrast and (b) bright field views of a parenchyma cell from a seg- 
ment grown 1} hours on tritiated sucrose. 1000 

Fic. 10. (a) Py hase contrast and (6) bright pond views of a parenchyma cell from a 
segment grown 2 hours on tritiated sucrose. > 1006 

Fic. 11. Parenchyma and epidermal cells from a rails grown 3 hours on tritiated 
sucrose. Phase contrast. 400. 

Fic. 12. Parenchyma cell from a segment grown 5 hours on tritiated sucrose. Phase 
contrast. 800. 

Fic. 13. Portion of an epidermal cell from a segment grown 21 hours on tritiated 
sucrose. Note that due to the low energy of the 8 particles of tritium the thick outer wall 
does not give an increased autoradiograph. Bright field. 1000. 

Fic. 14. Parenchyma cell from a segment grown 21 hours on tritiated sucrose. Phase 
contrast. 200. 


PLATE III 

Fics. 15-21. Audoradiographs of transverse sections of oat coleoptile segments. 
C, coleoptile; Cy, cytoplasm; G, guard cell; L, leaf inside coleoptile; O, outer epidermal 
wall; T, tracheids. 

Fic. 15. (a) Phase contrast and (b) bright field views of epidermal cells in a segment 
previously killed in boiling 80% ethanol and placed on tritiated sucrose for 21 hours. 
Unextracted. 1000. 

Fic. 16. Epidermal cells in a segment grown 21 hours on tritiated sucrose + 0.3 M 
mannitol. Phase contrast. Unextracted. 1000. 

Fic. 17. E piderma ul cells in a segment grown 21 hours on tritiated sucrose + 0.3 M 
mannitol. HCl + 4% NaOH extraction. Phase contrast. 1000. 

Fic. 18. Parenc hy - cells of a coleoptile and its enclosed leaf, in a segment grown 
21 hours on tritiated sucrose. Note the relatively weak autoradiograph over the leaf 
cells. Unextracted. Bright field. 400. 
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Fic. 19. Parenchyma cells of a coleoptile and its enclosed leaf, in a segment grown 
9 hours on tritiated sucrose. In this exceptional case the leaf showed heavier uptake than 
the coleoptile. Unextracted. Bright field. 100. 

Fic. 20. The region of the vascular bundle in a coleoptile segment grown 21 hours 
on tritiated sucrose. Pectinase extraction. Bright field. 1000. 

Fic. 21. Guard cells in a coleoptile segment grown 9 hours on tritiated sucrose. 
Unextracted. Bright field. 1000. 


PLATE IV 

Fics. 22-24. Electronmicrographs of thin sections of oat coleoptile cells. Cy, cyto- 
plasm; E, endoplasmic reticulum; N, nucleus; P, plasma membrane; V, vacuole; W, 
cell wall 

Fic. 22. Transverse section of an outer epidermal cell of a coleoptile 10 mm long. 
The outer wall is to the right. 5000. 

Fic. 23. Longitudinal section of a portion of an outer epidermal cell in a coleoptile 
15 mm long, showing the thickened outer wall. 10,000. 

Fic. 24. Transverse section at the thickened junction between several parenchyma 
cells in a coleoptile 15 mm long. 26,500. 


Note: Figures 1-24 follow. 
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A TISSUE-AUTORADIOGRAPHIC STUDY OF THE 
TRANSLOCATION OF C"-LABELLED SUGARS 
IN THE STEMS OF YOUNG SOYBEAN PLANTS! 


HAROLD J. PERKINS,? C. D. NELSON, AND PAuL R. GORHAM 


Abstract 


Autoradiography was used to determine the tissues involved in the downward 
translocation of C-labelled photosynthate and of C™-labelled glucose, fructose, 
or sucrose introduced into soybean plants through the cut petiole of a primary 
leaf. Sections of ly ophilized, paraffin-embedded tissue were autoradiographed 
in such a way as to prevent significant movement of water-soluble compounds. 
Cross sections, 10 uw thick, were taken from petiole and stem at various distances 
from the primary node. In 5 to 10 minutes, the bulk of the C™ from photo- 
synthate or from sugars that were introduced through the cut petiole was 
concentrated in and around the vascular tissues. These tissues were located 
on the same side of the stem as the petiole through which the C" had entered. 
Within these tissues the bulk of the C* was concentrated in some columns of cells 
with little or no C* in others. The C™ of photosynthate was localized in the 
phloem while that of sucrose introduced through the cut petiole was concen- 
trated predominantly in the pith and in the adjacent xylem. The C* of fructose 
or glucose was localized mainly in the xylem. This comparative study has 
demonstrated that all translocation need not take place in the phloem, but 
some may take place in such tissues as the pith and xylem. 


Introduction 


The hypothesis that sugars produced in the leaves of higher plants during 
photosynthesis are translocated through phloem tissue has been accepted 
by most workers (1, 8). The most direct evidence for movement in the 
phloem was obtained recently by Willenbrink (21), who used Schumacher’s 
technique (17) for dissecting Pelargonium petioles to demonstrate a cyanide- 
sensitive translocation of C-labelled photosynthate through a bridge of 
phloem connecting a leaf blade and stem. Thaine and Walters (18) and 
Biddulph et al. (7) using C™ and Gage (9, 4) using tritium have presented 
autoradiographic evidence to show that translocated photosynthate is localized 
in the phloem. 

Nelson and Gorham, (15) showed that sucrose originating in photo- 
synthesis and sucrose introduced through the cut petiole of soybean were 
translocated in living tissues, while glucose and fructose introduced through 
the cut petiole were translocated through dead tissues. Since it was not 
possible to decide precisely which tissues were involved, a_tissue-autoradio- 
graphic study was undertaken to compare the localization in the stem of 
translocated sugars introduced either by photosynthesis or through the cut 
petiole. 

1Manuscript received March 17, 1959, 

Contribution from the Division of Applied Biology, National Research Council, Ottawa 2, 
Canada. 

Issued as N.R.C. No. 5296. 


2N.R.C. Postdoctorate Fellow 1957-1958. Present address: Chemistry Section, Regional 
Research Station, Canada Department of Agriculture, Lethbridge, Alberta, Canada. 
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Materials and Methods 


Soybean plants (Glycine max L. var. Comet) were grown under controlled 
conditions as described elsewhere (16) and were generally used 17 to 24 days 
after germination. Such plants had fully expanded primary leaves and one 
or more trifoliate leaves (stage I to I], cf. ref. 15). 

The preparation, purification, and standardization of the C'-labelled 
glucose, fructose, and sucrose, the method of administering these sugars to 
the petiole stump of a primary leaf, the method of administering CO, to 
intact plants, and the sampling, counting, and analytical techniques used 
have been described previously (14, 15, 16). Tritiated sucrose was obtained 
from Merck and Co., Ltd., Montreal. 

The freeze-drying and subsequent infiltration with paraffin, of pieces of 
stem and petiole were done in an apparatus similar to unit No. 2 described 
by Glick and Malmstrom (10). Stems of the plants were marked with colored 
India inks to facilitate later identification. After the labelled compound 
had been administered, pieces 3 to 4 mm in length were excised from the 
stem and petiole and frozen immediately in isopentane cooled to about 
— 150° C with liquid nitrogen. The frozen pieces were then rapidly transferred 
to the precooled (—80° C) lyophilization chamber which contained a layer of 
outgassed paraffin (Tissuemat, melting range 54—56° C). The chamber was 
immediately attached to the apparatus and surrounded by a cryostat main- 
tained at —35 to —40° C with a mixture of dry ice and dimethoxytetraglycol 
(20), the cold finger was filled with liquid nitrogen, and evacuation begun. 
In approximately one-half hour the pressure was reduced to 1 yw or less. 
Six hours later the cryostat was removed and the chamber was allowed to 
reach room temperature over a period of an additional hour. The paraffin 
was melted and the tissues infiltered under high vacuum. Since the dried 
pieces of stem never sank to the bottom in the melted paraffin although the 
pieces of petiole often did, the paraffin block was removed from the chamber 
and placed in an oven at 56° C at atmospheric pressure for 5 to 14 days. 
During this time, one-fifth of the stem pieces and all of the petiole pieces 
usually sank to the bottom of the container, and only these could be sectioned. 
Extending the time in the oven to as long as 6 weeks resulted in no marked 
improvement in the degree of infiltration of any of the pieces. Even those 
which had sunk completely were seldom perfectly infiltered. Although con- 
ditions were standardized during the entire operation, marked variability 
in the percentage of pieces ultimately sinking in the paraffin was encountered 
from run torun. Other workers (5, 6, 9) have experienced the same difficulty. 

In the hope of improving this lyophilizing procedure, a large number of 
variables were investigated. There was no improvement when other plants, 
infiltering and embedding materials, or types of freeze-drying apparatus 
(11, 12, 19) were used. Probably the most significant result of this study was 
the observation that the drying of stem tissue under the outlined conditions 
was essentially complete after 6 hours and that prolonging the drying period 
to 96 hours produced no noticeable improvement in the infiltration of paraffin. 
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Miiller (13) has reported that pieces of Eucharis grandiflora leaves which 
were lyophilized in a similar type of apparatus became essentially dry only 
after 18 or 24 hours at —30 or —40° C, respectively. Miiller did not continue 
lyophilization during a 1- to 2-hour warming-up period as was done here. 

Transverse sections, 10 w thick, were cut from the best embedded pieces 
with a rotary microtome. A downdraft from dry ice was used to harden the 
block and minimize compression. 

The method used for autoradiography of tissues containing water-soluble 
labelled compounds was developed by Gorham in 1953 for locating the site 
of photosynthetic C™O,-fixation in Nitella cells, and has been described 
briefly (3). It overcomes the problem of diffusion by clamping dry sections 
to autoradiographic plates for exposure. Water is only admitted to affix 
the sections just prior to development. Eastman Kodak autoradiographic 
plates, 1 in. X 3 in., type NTB (10 w emulsion thickness) were used. Ex- 
posures were made at —7.5° C in sealed boxes containing silica gel drier. 
Following affixing of the sections to the plates they were deparaffined in 
distilled xylene, vacuum-dried, developed in filtered Kodak D-19 for 5 minutes, 
fixed in filtered Kodak acid fixer with hardener for 5 minutes, rinsed in dis- 
tilled water for 15 minutes, air-dried at 35° C, cover glasses applied with 
plastic mounting medium, and examined by bright-field and phase-contrast 
microscopy. 

That the resolution of this autoradiographic method for C™ was 15 to 20 uv 
was determined by brushing a xylene suspension of diatomaceous earth 
(Johns-Manville analytical filter aid) impregnated with sucrose-C™ onto the 
surface of an NTB plate, evaporating the xylene under vacuum, and processing 
in the usual manner (Fig. 1). A similar test with amorphous pieces of tritium- 
labelled sucrose yielded resolution of the order of 1 yw or less (Fig. 1). This 
plate had a uniformly high background, but the fact that only one or two 
silver grains away from the margins of the sucrose pieces were rendered 
developable established that there was no significant diffusion of water- 
soluble compounds in the emulsion of the NTB plates during the preparation 
and processing of an autoradiograph. This established that the observed 
localizations represented precisely those which existed in the lyophilized 
tissue and presumably in the living tissue as well. 


Results 


The distribution of the radioactivity in six typical experiments from which 
autoradiographs were obtained is shown in Fig. 2. The diagrams of the 
soybean plants are to scale, with the bulge near the bottom of each stem 
representing the cotyledonary node and the horizontal bar representing the 
petioles of the primary leaves. The numbers to the right of each diagram 
give the approximate content of C"™ of the portion of stem between the 
horizontal lines and are expressed as disintegrations per minute per cm of 
stem. The blackened parts mark areas from which sections were taken for 
autoradiography. 
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PRODUCTS FROM SUCROSE FRUCTOSE 
PHOTOSYNTHESIS 
15 MIN 5 MIN 8 MIN 7 MIN 5 MIN 7 MIN 
ir 28,000 
300,000 || %:760 16,000 2,800 4 
4b iZ 4 
64,000 
55 9,000 78 
i” 4i2 
196,000 
3,500 9,000 15,000 
< 67 < 
16+ 1,400 416 
20 


Fic. 2. Diagrams of soybean stems into which C"-labelled sugars were introduced through 
the primary leaf petioles. The period of introduction is the same as the period of translocation. 
The bars at the top indicate the petioles; those at the right were used to introduce the sugars. 
The bulges at the bottom represent the cotyledonary nodes. The numbers between the 
horizontal lines are the disintegrations per minute per cm of stem. Sections for autoradio- 
graphy were taken from the blackened portions. 


From Fig. 2 it can be seen that in a translocation time of 15 minutes, the 
“main front’’ of the products from photosynthesis had moved to the cotyle- 
donary node. In 5 minutes, however, this main front was just past the primary 
leaf node and only a short distance down the stem. The small amount of 
radioactivity found farther down the stem has been reported on elsewhere (16). 
The autoradiographs obtained from these two experiments are shown in 
Fig. 3. 

Figure 3A is a cross section of the stem between 0.5 and 1.5 cm below the 
primary node in the 15-minute experiment. The C"™ is localized in distinct 
patches of phloem tissue on the side of the stem immediately below the 
treated leaf. The marked area of Fig. 3A is shown at a higher magnification 
in Fig. 3B and shows more distinctly the patchy nature of the distribution 
of radioactivity in the phloem as well as the presence of considerable amounts 
of C' in the adjacent tissues. 

Figures 3C to 3F are cross sections of stem obtained between 0 and 1, 
6 and 7, 12 and 13, and 12 and 13 cm respectively below the primary node in 
the 5-minute photosynthesis experiment. It is possible by their size, shape, 
and arrangement to follow the same bundle of xylem vessels down the stem 
and in this way to detect C™ in the same column of phloem cells at the 0 
to 1 cm level (Fig. 3C) and at the 12 to 13 cm level (Fig. 3E). In Figs. 3C 
and 3E the patchy distribution of C™ in the phloem is even more striking 
than in Figs. 3A or 3B. The reduced amount of C™ in the phloem of the 
lower section suggests that this section was taken from the region close to 
the advancing front. Even in 5 minutes small amounts of C'™ are widely 
distributed in the surrounding tissues as shown in the pith cells of Fig. 3D 
(6-7 cm level) and Fig. 3E (12-13 cm level). Figure 3F shows an adjacent 
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Fic. 3. Tissue autoradiographs of transverse sections, 10 wu thick, taken from the stems 
of soybean plants which translocated C'-labelled products of photosynthesis from one primary 
leaf. Type NTB plates. Phase contrast. 

A. Fifteen-minute translocation. Section from 0.5-1.5 cm below the primary node. 
Radioactivity is in distinct patches. It should be noted that radioactivity occurs on the same 
side of the stem as the treated leaf. Exposure 22 hours. X 22 

B. Magnified view of area outlined in A. The heaviest concentration of radioactivity is 
in the phloem. Exposure 22 hours. X 150 

C. Five-minute translocation. Section from 0-1 cm below the primary node.  Radio- 
activity is concentrated mainly in the phloem with traces in the pith, xylem, endodermis, 
and cortex. Exposure 2 weeks. 150 

Five-minute translocation. Section from 6-7 cm below the primary node. Traces 
of radioactivity are present in the central pith. Exposure 2 weeks. X 130 

E. Five-minute translocation. Section from 12-13 cm below primary node. ‘There is 
diminished radioactivity in phloem patches associated with the same vascular bundle as in C. 
Exposure 2 weeks. 150 

Adjacent field to E. Traces of radioactivity in pith, xylem, endodermis, and cortex 
are apparent. Exposure 2 weeks. 150 
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PLATE II 


PLATE III 


Fic. 4. Tissue autoradiographs of transverse sections, 10 mw thick, taken from the stem 
and petiole of soybean plants which translocated sucrose-C" or fructose-C". Type NTB 
plates. Phase contrast. 

Aand B. Eight-minute translocation of sucrose-C™. Adjacent fields from the same section 
from the petiole. Radioactivity is concentrated in the xylem and phloem but is also widely 
distributed in surrounding parenchyma. Exposure 13 days. 150 

Seven-minute translocation of sucrose-C'. Section from stem 0-1 cm below the 
primary node. Radioactivity is in patches on the same side of the stem as the point. of 
introduction. Exposure 13 days. X22 

D. Magnified view of area outlined in C. Radioactivity is concentrated in the pith and 
immediately adjacent xylem but is also present in the phloem and_ surrounding tissues. 
Exposure 13 days. 150 

E. Five-minute translocation of sucrose-C". Section from 9-10 cm below the primary 
node. Radioactivity is concentrated mainly in the pith and adjacent xylem. Exposure 
1 month. X130 

F. Seven-minute translocation of fructose-C™. Section from 3-4 cm below the primary 
node. Autoradiograph is overexposed but radioactivity is concentrated mainly in the xylem 
and secondarily in the adjacent pith and phloem. Exposure 3} months. 150 
Perkins et al.—Can. J. Botany 
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field to Fig. 3E and clearly demonstrates the presence of C'™ in the pith at a 
point in the stem where the amount in the phloem has not yet reached a high 
level. 

The distribution of radioactivity in the stems of four plants to which 
sucrose-C™ and fructose-C"' were administered is shown in Fig. 2. The 
distribution of radioactivity in plants treated with glucose was essentially 
similar in both concentration and localization to those treated with fructose. 

It can be seen from Fig. 2 that the amount of sucrose-C™ taken up by each 
plant was not related to the time allowed for introduction. The reason for 
this varied uptake rate is not known but the phenomenon has been observed 
repeatedly in these experiments. Since there was good reason to believe 
that sucrose was taken up by and translocated in living tissues (15) the fed 
petiole from the 8-minute sucrose experiment was autoradiographed to 
determine whether or not the bulk of the C™ was taken up by living cells in 
the petiole before it reached the stem. 

Autoradiographs of adjacent fields from the same section of petiole from 
the 8-minute sucrose experiment are shown in Figs. 4A and 4B. It is evident 
that although the C"™ is still predominantly localized in both xylem and 
phloem of the vascular bundles, appreciable amounts of C™ are present in 
the surrounding parenchyma tissue. 

A cross section of the entire stem between 0 and 1 cm below the primary 
node from the 7-minute sucrose experiment is shown in Fig. 4C. Figure 4D 
shows the marked area of 4C at a higher magnification. From Figs. 4C and 
4D it is clear that C"™ is localized in patches, predominately in the pith cells 
and adjacent xylem vessels. Again, the patches are located on the side of 
the stem immediately below the treated petiole. There is also some radio- 
activity in the phloem and surrounding tissues but it is obvious that this 
distribution is very different from that of photosynthate (cf. Figs. 3A, 3B). 
Figure 4E was obtained from the 5-minute sucrose experiment and shows 
the distribution between the 9th and 10th cm below the primary node. Again, 
most of the C™ is confined to the older (inner) xylem vessels and to the 
immediately adjacent pith cells with only small amounts in the phloem. 

Figure 4F shows a typical distribution pattern for fructose-C™ and was 
obtained from the 7-minute experiment between the 3rd and 4th cm below 
the primary node. Although there was too much radioactivity in this section 
for good resolution, it serves to demonstrate that the major amount of the 
C'™ appears to be localized in the xylem. There are also relatively large 
amounts of C™ in the phloem and surrounding tissues. 


Discussion 


The interpretation of the tissue autoradiographs which were obtained is 
complicated by the following considerations. (a) There is concurrent radial 
translocation of C™ to the tissues surrounding those in which longitudinal 
translocation is occurring. (6) It is difficult to distinguish between cells 
through which labelled compounds are being translocated, those in which 
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they are being accumulated, or those in which both processes occur simul- 
taneously. (c) The specific activity of the photosynthate was much higher 
than that of the sugars that were administered, hence a smaller amount of 
the former could be detected. However, it was decided to adopt the inter- 
pretation that the tissue producing the most dense autoradiograph was the 
tissue primarily involved in longitudinal translocation. 

The bulk of the material was transported down the stem in distinct ‘“‘chan- 
nels” as indicated by Figs. 3A, 3B, 3C, and 3E. The resolution of the method 
with C™ was inadequate to decide whether photosynthate was initially in 
the sieve tubes, companion cells, or both. However, in autoradiographs 
of a few sections having a relatively low C™ content (unsuitable for photo- 
micrography), the concentration of C™ in a number of companion cells 
appeared to be higher than that in adjacent sieve tubes or phloem paren- 
chyma. These observations confirm those of Gage (9) and Aronoff (4), who 
found tritiated photosynthate localized primarily in the companion cells of 
cucumber petioles. 

In addition to the C'-photosynthate predominantly localized in the phloem, 
there were smaller amounts of C™ widely distributed in other living tissues 
such as the cortex and the pith (Figs. 3A-3F). Undoubtedly much of this 
represents radial translocation of minute amounts of material of high specific 
activity. However, the fact that in 5 minutes the amount of C™ in these 
tissues was much the same whether the section was taken in the Ist cm 
(Fig. 3C), the 7th em (Fig. 3D), or the 13th cm below the primary node where 
there was progressively less time for radial translocation from the phloem 
suggests additional or alternative explanations. Vertical translocation may 
take place in cortex or pith at rates which are comparable with those in the 
phloem. Since living cells are connected by plasmodesmata to produce what 
Arisz has termed a symplasm (2), there should be longitudinal as well as 
radial translocation through the cortex and pith. Another possibility is that 
the very rapid translocation (16) contributes to the widespread distribution 
of C throughout the stem tissues. 

In the experiments in which radioactive sugars were introduced through 
the cut petiole, glucose and fructose (Fig. 4F) appeared to be translocated 
primarily in the xylem while sucrose (Figs. 4C, 4D, and 4E) was translocated 
primarily in the pith and xylem. It is difficult to reconcile the results obtained 
with autoradiography with the results obtained with cyanide and steam- 
girdling (45). Sucrose, introduced through the cut petiole, is translocated 
in living tissues, and from the autoradiographs these appear to be the pith. 
However, the large amount of sucrose in the xylem (Figs. 4D and 4E) should 
be translocated downward past a steam girdle in the same way that glucose 
is translocated. This, however, is not the case (15). 

It has become clear from the present experiments that sucrose introduced 
through the cut petiole and photosynthate in the intact plant are not trans- 
located in the same living tissues. It has also become clear that all compounds 
need not be translocated downward in the phloem. 
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NOMENCLATURE OF DRECHSLERA AND BIPOLARIS, GRASS 
PARASITES SEGREGATED FROM ‘HELMINTHOSPORIUM" 


R. A. SHOEMAKER 


Abstract 


As a result of a taxonomic study of some graminicolous fungi classed in 
‘Helminthosporium’ the following conclusions concerning their nomenclature 
were reached. The original spelling of Helmisporium Link validated by S. F. 
Gray in 1821 is taken up instead of the illegitimate orthographic variant 
‘Helminthosporium’ Link ex Pers. Helmisporium is restricted to the generic type 
and its chiefly lignicolous allies, all of which form conidia both apically and 
laterally on the conidiophores. The graminicolous species form conidia apically 
and a new apex is formed by subterminal growth. Sixteen species with cylindric 
conidia that germinate from all cells are included in Drechslera Ito. The lecto- 
type, D. tritici-vulgaris (Nisikado) Ito, is designated and D. arundinis (Lév.) 
Ito is excluded. The generic name Bipolaris is proposed for the other major 
group of graminicolous species. These, like the holotype (basionym H. maydis 
Nisikado), form fusoid phragmospores that exhibit bipolar germination. 


Introduction 


Link (7) published /Zelmisporium in 1809 based on H. velutinum Link ex 
S. F. Gray. Helmisporium was validated in 1821 by S. F. Gray’s publication 
(2). Persoon (10) altered the spelling of the name to Helminthosporium in 1822. 
The original spelling of a name must be retained according to Art. 73 (6). 
Link took up the altered spelling, Zelminthosporium, in 1824 (8). However a 
legitimate name must not be rejected merely because it is inappropriate 
Art. 62 (6). Il regard Helminthosporium as an orthographic variant which may 
be more appropriate, but is, nevertheless, illegitimate. The name Helmi- 
sporium Link ex S. F. Gray is used in the rest of the text without change in 
author citation. 

Hughes (3) pointed out the clear distinction between the method of coni- 
dium formation in the generic type which forms conidia both apically and 
laterally and the graminicolous species which form conidia only at the coni- 
diophore apex and produce a new apex by subterminal growth. In a more 
recent treatment (4) relatively few species were retained in [/elmisporium 
and the graminicolous species were excluded along with many others. 

Two series deserving of generic rank have been recognized for some time 
among the graminicolous species, but the nomenclatural changes were not 
completed. Nisikado proposed subgenera, Cylindro-Helmisporium and Eu- 
Helmisporium (9). The taxonomic separation was evident earlier in Drechsler’s 
1923 monograph (1) wherein the species with cylindric conidia that germinate 
from any cell (Cylindro-Helmisporium) were treated first followed by the 
species with fusoid conidia that germinate only from each end (Eu-Helmi- 
sporium). 


1Manuscript received May 13, 1959. 
Contribution No. 8 from the Plant Research Institute, Research Branch, Canada Depart- 
ment of Agriculture, Ottawa, Ontario. 
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Ito proposed the generic name Drechslera for the species with cylindric 
conidia that germinate from any cell (5). He made only four combinations 
which are listed below with a number of new combinations. 

The species with fusoid conidia that exhibit bipolar germination constitute 
a genus distinct from Drechslera and Helmisporium and a generic name is 
proposed for them below. 


Drechslera 


Drechslera Ito, Proc. Imp. Acad., Tokyo, 6, 355 (1930). 
=Helmisporium Link ex S. F. Gray, A natural arrangement of British 
Plants... 1. p. 556 (1821) subgenus Cylindro-Helmisporium Nisikado, 
Special Report Ohara Inst. Agr. Research, 4, 14 (1928). 


LECTOTYPE SPECIES 


Drechslera tritici-vulgaris (Nisikado) Ito, Proc. Imp. Acad., Tokyo, 6, 355 (1930). 
=Helmisporium tritici-vulgaris Nisikado, Ann. Phytopath. Soc. Japan, 
2, 96 (1928). 

Ito did not designate a type of the genus Drechslera, and published new 
combinations for only four of the species. He also included the conidial states 
of Pyrenophora graminea, P. teres, P. japonica, P. avenae, P. bromi, and P. 
tritici-repentis in his concept of Drechslera. The conidial state names were not 
cited and the combinations were not made formally. Consequently confusion 
might result from the selection of a lectotype from among the conidial states 
of these species. Of the four species for which Ito published combinations 
in Drechslera, D. catenaria does not have truly cylindric conidia, D. gigantea 
is atypical, and D. arundinis is excluded below. D. tritici-vulgaris produces 
cylindric conidia that germinate from all cells and is the most representative 
of the four species. The citation of D. tritici-vulgaris was unambiguous. Be- 
cause of its taxonomic and nomenclatural suitability it was designated 
lectotype of the genus Drechslera (4, p. 765). 


INCLUDED SPECIES LISTED BY HOST 
AGROPYRON 
Drechslera tritici-repentis (Died.) comb. nov. 
= Helmisporium tritici-repentis (Died.) Died. Centr. Bakt. Parasitenk. Abt. 2, 11, 56 
(1903). 
=H. gramineum Rab. ex Schlecht. f. sp. tritici-repentis Died. Centr. Bakt. Parasitenk. 
Abt. 2, 9, 329 (1902). 
AGROSTIS 
Drechslera erythrospila (Drechs.) comb. nov, 
=H. erythrospilum Drechs. Phytopathology, 25, 360 (1935). 
Drechslera fugax (Wallr.) Shoemaker in Hughes, Can. J. Botany, 36, 765 (1958). 
=H. fugax Wallr. Fl. Crypt. Germ. 2, p. 164 (1833). 
Drechslera stenacra (Drechs.) comb. nov. 
=H. stenacrum Drechs. J. Agr. Research, 24, 683 (1923). 
AVENA 
Drechslera avenacea (Curt. ex Cke.) comb. nov. 
=H. avenaceum Curt. ex Cke. Grevillea, 17, 67 (1889). 
=H. avenae Eidam, Der Landwirth, Breslau, 27, 509 (1891). 
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Bromus 
Drechslera bromi (Died.) comb. nov. 
=H. bromi (Died.) Died. Centr. Bakt. Parasitenk. Abt. 2, 11, 56 (1903). 
=H. gramineum Rab. ex Schlecht. f. sp. bromi Died. Centr. Bakt. Parasitenk. Abt. 2, 
9, 329 (1902). 
CINNA 
Drechslera catenaria (Drechs.) Ito, Proc. Imp. Acad., Tokyo, 6, 355 (1930). 
=H. catenarium Drechs. J. Agr. Research, 24, 672 (1923). 
CYNODON 
Drechslera gigantea (Heald & Wolf) Ito, Proc. Imp. Acad., Tokyo, 6, 355 (1930). 
=H. giganteum Heald & Wolf, Mycologia, 3, 21 (1911). 
FESTUCA 
Drechslera dictyoides (Drechs.) comb. nov. 
=H. dictyoides Drechs. J. Agr. Research, 24, 679 (1923). 
HoRDEUM 
Drechslera graminea (Rab. ex Schlecht.) comb. nov. 
=H. gramineum Rab. ex Schlecht. Botanische Zeitung, 15, 94 (1857). 
Drechslera japonica (Ito & Kurib.) comb. nov. 
=H. japonicum Ito & Kurib. J. Fac. Agr. Hokkaido Univ., Sapporo, Japan, 29, 108 
(1931). 
Drechslera teres (Sacc.) comb. nov. 
=H. teres Sacc. Michelia, 2, 558 (1882). 
LoLiuM 
Drechslera siccans (Drechs.) comb. nov. 
=H. siccans Drechs. J. Agr. Research, 24, 682 (1923). 
PHLEUM 
Drechslera phlei (Graham) stat. nov. 
p =H. dictyoides Drechs. var. phlei Graham, Phytopathology, 45, 228 (1955). 
OA 
Drechslera vagans (Drechs.) comb. nov. 
=H. vagans Drechs. J. Agr. Research, 24, 688 (1923). 
SECALE 
Drechslera tuberosa (Atk.) comb. nov. 
=H. tuberosum Atk. Cornell Univ. Bull. (Sci.) 3 (1), 47 (1897). 
=H. secalis Whitehead & Dickson, Mycologia, 44, 757 (1952), (see reference 11). 
TRITICUM, see lectotype species. 


EXCLUDED SPECIES LISTED BY HOST 
ANDROPOGON and PASPALUM 
H. penicillosum Speg. Anal. Mus. Nac. Buenos Aires, 6, 340 (1899). 
ARUNDO 
H. arundinis Sawada, Rept. Govt. Research Inst. Formosa, 85, 94 (1943) was published 
without a Latin diagnosis and is a later homonym of H. arundinis Lév. Ann. Sci. 
Nat. Ser. 2, 19, 215 (1843). 
AVENA 
H. olisipponense da Camara, Bol. Agr. Lisboa, Ser. 1, 2, 46 (1936) seems very close to 
D. avenacea. 
Bromus 
H. fragosoi Bubak, Hedwigia, 57, 13 (1915). 
PHRAGMITES 
Drechslera arundinis (Lév.) Ito, Proc. Imp. Acad., Tokyo, 6, 355 (1930). 
=H. arundinis Lév. Ann. Sci. Nat., Ser. 2, Botan. 19, 215 (1843). Ito’s combination 
appears to be based on Nisikado’s misidentification of a fungus on Arundo donax L. 
(9). Nisikado’s fungus has conidia 45-90 10.2-14 with 5-9 septa. Léveillé’s 
description and figures show his fungus to have clavate, 2- to 3-septate conidia which 
excludes it from Drechslera and suggests an affinity with Deightoniella arundinacea 
(Corda) Hughes. A final disposition of both Nisikado’s and Léveillé’s species must 
await a study of their specimens. 


Poa 
H. poae Baudys, Lotos, 64, 81 (1916) seems very close to D. vagans. 
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Bipolaris 
Bipolaris gen. n. 

Fungi imperfecti hyphomycetes, parasitici. 

Conidiophori brunnei, septati, geniculati, in apice perforati. 

Conidia acrogena, phaeophragmospora, fusoidea, recta vel paullum cur- 
vata, per ambas extremas germinantia; exosporium laeve, brunneum, firmum; 
endosporium hyalinum, et amorphum. 

=Helmisporium Link ex S. F. Gray subgenus Eu-Helmisporium Nisikado, 

Special Report Ohara Inst. Agr. Research, 4, 13 (1928). 

Conidiophores brown, producing conidia through an apical pore and form- 
ing a new apex by growth of the subterminal region. Conidia fusoid, straight 
or curved, germinating by one germ tube from each end; exosporium smooth, 
rigid, brown; endosporium hyaline, amorphous, separating cells of mature 
phragmospores. Parasitic chiefly on Gramineae. Perfect state, where known, 
in Cochliobolus Drechs. Phytopathology, 24, 973 (1934). 

The name Bipolaris refers to the two ends of the conidia from which germ- 
ination takes place in a characteristic bipolar fashion. Bzpolaris is sufficiently 
distinct from the word bipolar not to be invalidated because it coincides with 
a technical morphological term. 

Bipolaris differs from Drechslera in the production of fusoid conidia that 
germinate only from each end. Whereas Drechslera conidia are cylindric and 
germinate from all cells. The members of both genera produce conidia apically 
and thereby differ from Helmisporium sensu strictu in which conidia arise 
simultaneously at the apex and sides of conidiophores. 

Some Bipolaris species, in common with Curvularia, have curved conidia 
with hyaline apical cells. The curvature involves a slight change in shape of 
many central cells of nearly equal width in Bipolaris conidia, whereas Curvularia 
conidia usually have only two or three dark central cells and one of these is 
inordinately enlarged and contributes to most of the curvature. The absence 
of the enlarged cell in the curved conidia with hyaline apical cells is a clear 
distinction separating Bipolaris from Curvularia. 


LECTOTYPE SPECIES 


Bipolaris maydis (Nisikado) comb. nov. 
=Helmisporium maydis Nisikado, Sci. Res. Alumni Assoc. Morioka Agr. 
Coll., Japan, 3, 46 (Japanese diagnosis) 52 (English diagnosis) (1926). 


INCLUDED SPECIES LISTED BY HOST 
AVENA 
Bipolaris victoriae (Meehan & Murphy) comb. nov. 
=H. victoriae Meehan & Murphy, Science, 104, 413 (1946). 
=H. sativum Pamm., King & Bakke var. victoriae (Meehan & Murphy) Rosen, Arkansas 
Agr. Sta. Bull. 533, 22 (1953). 


BRIZA 
Bipolaris brizae (Nisikado) comb. nov. 
=H. brizae Nisikado, Spec. Rept. Ohara Inst. Agr. Research, 4, 133 (1928). 
BUCHLOE 
Bipolaris buchloes (Lefebvre & A. G. Johnson) comb. nov. 
=H. buchloes Lefebvre & A. G. Johnson, Mycologia, 41, 204 (1949). 
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Bipolaris coicis (Nisikado) comb. nov. 
=H. coicis Nisikado, Spec. Rept. Ohara Inst. Agr. Research, 4, 136 (1928). 
CYNODON 
Bipolaris cynodontis (Marig.) comb. nov. 
=H. cynodontis Marig. Micromiceti di Schio, Schio, p. 27 (1909). 
DIsTICHLIS 
Bipolaris halodes (Drechs.) comb. nov. 
=H. halodes Drechs. J. Agr. Research, 24, 709 (1923). 
=H. halodes Drechs. var. tritici Mitra, Brit. Myc. Soc. Trans. 15, 287 (1930). 
=H. nodulosum Berk. & Curt. in Sace. var. tritici Patel, Kamat & Padhye, Indian Phy- 
topath. 6, 24 (1954). 
ECHINOCHLOA 
Bipolaris monoceras (Drechs.) comb. nov. 
=H. monoceras Drechs. J. Agr. Research, 24, 706 (1923). 
=H. crus-galli Nisikado, Ber. Ohara Inst. landw. Forschungen, Kurashiki, Japan, 2, 
606 (1925) nom. nud. 
=H. frumentacei Mitra, Brit. Mycol. Soc. Trans. 15, 288 (1930). 
EuCHLAENA 
Bipolaris euchlaenae (Zimm.) comb. nov. 
=H. euchlaenae Zimm. Ber. Land- und Forstwirtschaft Kaiserl. Gouv. Deutsch- 
Ostafrika, 2, 18 (1904). 
ELEUSINE 
Bipolaris nodulosa (Berk. & Curt. in Sacc.) comb. nov. 
=H. nodulosum Berk. & Curt. in Sace. Sylloge Fungorum, 4, 421 (1886). 
=H. nodosum Berk. & Curt. in Berk. Grevillea, 3, 102 (1875) non Wallroth, Flor. 
Crypt. Germ. 2, 165 (1833). 
Bipolaris leucostyla (Drechs.) comb. nov. 
=H. leucostylum Drechs. J. Agr. Research, 24, 711 (1923). 
ERAGROSTIS 
Bipolaris eragrostidis (?. Henn.) comb. nov. 
=H. eragrostidis P. Henn. <Annal. Musée du Congo, Tervueren, Belgium, Botan. 
Serie 5, 2, 231 (1908). 
Bipolaris rostrata (Drechs.) comb. nov. 
=H. rostratum Drechs. J. Agr. Research, 24, 724 (1923). 
Bipolaris kusanoi comb. nov. 
=H. kusanoi Nisikado, Spec. Rept. Ohara Inst. Agr. Research, 4, 150 (1928). 
Bipolaris miyakei (Nisikado) comb. nov. 
=H. miyakei Nisikado, Spec. Rept. Ohara Inst. Agr. Research, 4, 145 (1928). 
LEERSIA 
Bipolaris leersiae (\tk.) comb. nov. 
=H. leersiae Atk. Cornell Univ. Bull. (Sci.) 3 (1), 47 (1897) as H. leersii. The type 
specimen has the epithet leersiae. It seems better to correct the spelling to leersiae, 
which refers to the host rather than use leersii which refers to Leers in whose honor 
the grass was named. 


LEPTOCHLOA, see PASPALUM 


OLYRA 
Bipolaris olyrae (Viegas) comb. nov. 
=H. olyrae Viegas, Bragantia, 6, 381 (1946). 
ORYZA 
Bipolaris oryzae (B. de Haan) comb. nov. 
=H. oryzae B. de Haan, Bull. Inst. Botan. Buitenzorg, 6, 11 (1900). 
=H. oryzae Miyabe & Hori in Hori, Rept. Imp. Centr. Agr. Exp. Sta., Nishigohara, 
Japan, 18, 79 (1901). 
PANICUM 
Bipolaris flagelloidea (Atk.) comb. nov. 
=H. flagelloideum Atk. Cornell Univ. Bull. (Sci.) 3 (1), 47 (1897). 


| : 
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Bipolaris panici-miliacei (Nisikado) comb. nov. 
=H. panici-miliacei Nisikado, Spec. Rept. Ohara Inst. Agr. Research, 4, 113 (1928). 
Bipolaris yamadai (Nisikado) comb. nov. 
=H. yamadai Nisikado, Spec. Rept. Ohara Inst. Agr. Research, 4, 117 (1928). 
PASPALUM 
Bipolaris micropa (Drechs.) comb. nov. 
=H. micropus Drechs. J. Agr. Research, 24, 722 (1923). 
=H. leptochloae Nisikado & Miyake, Ber. Ohara Inst. landw. Forschungen, Kurashiki, 
Japan, 2, 483 (1924). 
PENNISETUM 
Bipolaris mediocre (Putterill) comb. nov. 
=H. mediocre Putterill, Bothalia, 6, 354 (1954). 
PHRAGMITES 
Bipolaris siliculosa (Crouan in Crouan & H. M. Crouan) comb. nov. 
=H. siliculosum Crouan in Crouan and H. M. Crouan, Florule du Finestere, F. Klin- 
cksieck, Paris, x+262 pp. 33 Pl. (1867). p. 11. 
SACCHARUM 
Bipolaris sacchari (Butl. in Butl. & Hafiz) comb. nov. 
=H. sacchari Butl. in Butl. & Hafiz, Mem. Dept. Agr. India, Pusa, Botan. Series, 6, 
207 (1913). 
Bipolaris ocella (Faris) comb. nov. 
=H. ocellum Faris, Phytopathology, 18, 757 (1928). 
Bipolaris stenospila (Drechs.) comb. nov. 
=H. stenospilum Drechs. Phytopathology, 18, 136 (1928). 
SECALE 
Bipolaris sorokiniana (Sacc. in Sorok.) comb. nov. 
=H. sorokinianum Sacc. in Sorok. Proc. Biol. Soc. Imp. Univ. Kazan, 22 (3), 15 (1890). 
=H. sativum Pamm., King & Bakke, Iowa State Coll. Bull. 116, 180 (1910). 
=H. californicum Mackie & Paxton, Phytopathology, 13, 562 (1923). 
SETARIA 
Bipolaris setariae (Saw.) comb. nov. 
=H]. setariae Saw. Formosa Dept. Agr. Bull. 64, 19 (1912). 
=H. setariae Lind, Danish Fungi, Copenhagen, 527 (1913). 
SORGHUM 
Bipolaris turcicum (Pass.) comb. nov. 
=H. turcicum Pass. Boll. Comiz. Agr. Parmense, 10, 3 (1876). 
=H. inconspicuum Cke. & Ell. Grevillea, 6, 88 (1878). 
Bipolaris cookei (Sacc.) comb. nov. 
=H. cookei Sacc. Sylloge Fungorum, 4, 420 (1886). 
=H. sorghi Cke. Grevillea, 6, 141 (1878) non Schweinitz, Trans. Am. Phil. Soc., Phila- 
delphia, N.S. 4, 279 (1832). 
=H. sorghicola Lefebvre & Sherwin, Mycologia, 40, 714 (1948). 
SPOROBOLUS 
Bipolaris ravenelii (Curt.) comb. nov. 
=H. ravenelii Curt. Am. J. Sci., Ser. 2, 6 (18), 352 (1848). 
=H. hoffmannii Berk. Introduction to cryptogamic botany, 298 (1857). 
=H. tonkinense Karst. & Roum. Rev. Mycol., Toulouse, 12, 78 (1890). 
=H. crustaceum P. Henn. Hedwigia, 41, 147 (1902). 
= Napicladium ravenelii (Curt.) Speg. Anal. Soc. Cientif. Argentina, 26, 71 (1888). 
= HTeterosporium callospermum Speg. Anal. Soc. Cientif. Argentina, 22, 213 (1886) fide 
Speg. ibid 26, 71 (1888). 
TRITICUM (see also DISTICHLIS) 
Bipolaris pedicellata (A. W. Henry) comb. nov. 
=H. pedicellatum A. W. Henry, Univ. Minnesota Agr. Exp. Sta. Tech. Bull. 22, 
42 (1924). 
Bipolaris bicolor (Mitra) comb. nov. 
=H. bicolor Mitra, Brit. Mycol. Soc. Trans. 15, 286 (1930). 
Bipolaris tetramera (McKinney) comb. nov. 
=H. tetramera McKinney, U.S. Dept. Agr. Bull. 1347, 33 (1925). 
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UROCHLOA 
Bipolaris urochioae (Putterill) comb. nov. 
=H. urochloae Putterill, Bothalia, 6, 365 (1954). 
ZEA (see also holotype) 
Bipolaris zeicola (Stout) comb. nov. 
=H. zeicola Stout, Mycologia, 22, 273 (1930). 
=H. carbonum Ullstrup, Phytopathology, 34, 219 (1944). 
ZIZANIA 
Bipolaris zizaniae (Nisikado) comb. nov. 
=H. zizaniae Nisikado, Spec. Report Ohara Inst. Agr. Research, 4, 173 (1928). 


EXCLUDED SPECIES LISTED BY HOST 


Those species which have been suitably reassigned are listed using the new 
combinations. The affinities of some others are suggested. Some species are 
excluded because the names are illegitimate. The inadequately known species 
are left in Helmisporium until further study permits a satisfactory disposition. 


AMMOPHILA 
H. psammae Oud. Nederl. Kruidk. Arch. Nijmegen, Ser. 2, 6, 58 (1892). 
ANTHOXANTHUM 
H. dematioideum Bub. & Wrob. in Bub. Hedwigia, 57, 337 (1916). 
ARUNDO 
H. arundinis Sawada, Rept. Govt. Research Inst. Formosa, 85, 94 (1943) is a later homonym 
of H. arundinis Lév. Ann. Sci. Nat., Ser. 2, Botan. 19, 215 (1843) and lacks a Latin 
diagnosis. Sawada’s diagnosis matches the description Nisikado gave of a fungus that 
was misidentified and used in error as the basis for the new combination Drechslera 
arundinis (Lév.) Ito, which is excluded above. 
BAMBUSA 
Exosporium bambusae (Cke.) Subramanian, J. Indian Bot. Soc. 35, 458 (1957). 
=H. bambusae Cke. Grevillea, 20, 91 (1892). 
H. caaguazuense Speg. Anal. Soc. Cientif. Argentina, 22, 211 (1886). 
Corynes pora foveolata (Pat.) Hughes, Can. J. Botany,'36, 757 (1958). 
=H. foveolatum Pat. J. de Botanique, 5, 321 (1891). 
=H. cantonense Sacc. Philippine J. Sci. 18, 604 (1921). 
H. rhopaloides Fres. forma bambusae P. Brun. Bull. Soc. Sci. Nat. de l’ouest de la France, 
Nantes, 4, 38 (1894). 
H. balansae Speg. Anal. Soc. Cientif. Argentina, 22, 212 (1886). 
H. microsorum P. Henn. Hedwigia,48, 115 (1908) non D. Sacc. Malpighia, 12, 219 (1898). 
Pleurophragmium flumeanum (Sacc.) Hughes, Can. J. Botany, 36, 797 (1958). 
=H. flumeanum Sacc. Sylloge Fungorum, 25, 821 (1931). 
=H. curvulum Sacc. Atti Accad. Veneto-Trentino-Istriana, Ser. 3, 10, 89 (1917-1919) 
non Sacc. Nuovo Giorn. Bot. Ital. N.S. 23, 214 (1916). 
CHUSQUEA 
H. chusqueae Petrak, Sydowia, 4, 580 (1950) is possibly a Curvularia and distinct from the 
next species below. 
H. bdellomorphum Speg. Fungi Chilensis, J. Lajouane & Cia., Buenos Aires, 205 pp. (1910). 
p. 191. 
CYMBOPOGON 
Curvularia cymbopogi (C. W. Dodge) Groves & Skolko, Can. J. Research, C, 23, 96 (1945). 
=H. cymbopogi C. W. Dodge, Ann. Missouri Botan. Gard. 29, 139 (1942). 
DANTHONIA 
Curvularia geniculata (Tracy & Earle) Boedijn, Bull. Jardin Botan. Buitenzorg, Ser. 3, 13, 
129 (1933). 
=H. hyelacrum Drechs. nom. nud. in Herb. Univ. Wisconsin and New York Botanical 
Garden. 
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ERAGROSTIS 
Curvularia geniculata (Tracy & Earle) Boedijn, Bull. Jardin Botan. Buitenzorg, Ser. 3, 13, 
129 (1933). 
=H. geniculatum Tracy & Earle, Bull. Torrey Botan. Club, 23, 207 (1896). 
H. hadotrichoides Ell. & Ev. J. Mycology, 4, 44 (1888) is excluded because of the minute 
echinulations on the conidia. 
FIMBRISTYLIS 
Deightoniella fimbristylidis Sawada ex M.B. Ellis, Mycol. Pap. Commonw. Mycol. Inst. 66, 11 
(1957). 
=H. fimbristylidis Sawada, Rept. Govt. Research Inst. Formosa, 85, (1943) lacks a 
Latin diagnosis and is illegitimate. 
Hocus 
H. triseptatum Drechs. J. Agr. Research, 24, 686 (1923) is excluded because the conidia 
germinate from the basal cell. 
ORYZA 
Vakrabeeja sigmoidea (Cavara) Subramanian, J. Indian Bot. Soc. 35, 466 (1957). 
=H. sigmoideum Cavara, Rev. Mycol. 11, 185 (1880) has long been recognized to be a 
misfit among the graminicolous Helmisporium species. Its Leptosphaeria perfect 
state, denticulate conidiophores, and falcate conidia with two dark central cells and 
hyaline terminal cells are without counterpart, except in the closely related variety 
that produces irregular sclerotia. 
Vakrabeeja sigmoidea (Cav.) Subramanian var. irregulare (Cralley & Tullis) comb. 
nov. 
=H. sigmoideum Cav. var. irregulare Cralley & Tullis, Arkansas Agr. Exp. Sta. Bull. 
312, 53 (1934): emended J. Agr. Research, 51, 341 (1935). ; 
H. oryzae-microsporum Hiroe, Trans. Tottori Soc. Agr. Sci. 5, 175 (1935) lacks a Latin diag- 
nosis. ‘The figure reveals that the fungus is a Curvularia. 
H. australiense Bugnicourt, Rev. Gen. Botan. 62, 242 (1955). 
H. hawaiiense Bugnicourt, Rev. Gen. Botan. 62, 238 (1955). These names were published 
without a Latin diagnosis and are illegitimate. 
PANICUM 
H. ustilaginoideum P. Henn. Ann. Musée du Congo, Tervueren, Belgium, Bot. Ser. 5, 2, 
104 (1907). 
H. panici Sawada, Rept. Govt. Research Inst. Formosa, 85, 96 (1943) is a later homonym of 
H. panici Stevens, Botan. Gaz. 65, 242 (1918) and lacks a Latin diagnosis. 
H. panici v. Overeem. Bull. Jard. Botan. Buitenzorg, Ser. 3, 7, 434 (1925) is also a later 
homonym of H. panici Stevens. 
PASPALUM 
H. mayaguezense Miles, Illinois Acad. Sci. Trans. 10, 253 (1917). 
PHRAGMITES 
Deightoniella arundinacea (Cda.) Hughes, Mycol. Pap. Commonw. Mycol. Inst. 48, 29 
(1952). 
=H. arundinaceum Cda. Icon. Fung. 3, 10 (1839). 
= Napicladium arundinaceum (Cda.) Sacc. Sylloge Fungorum, 4, 482 (1886). 
=H. arundinaceum Desmaz. Ann. Sci. Nat. Paris, 8, 100 (1847). 
=H. arundinis Lév. Ann. Sci. Nat., Ser. 2, 19, 215 (1843). 
SORGHUM 
Curvularia lunata (Wakk.) Boedijn 
=H. sudanensis Cif. & Gonz. Frag. Bol. R. Soc. Espanola Hist. Nat. 26, 497 (1926) see 
Ciferri, Ann. Mycol. 29, 290 (1931). 
=H. caryopsidum Sacc. Ann. Mycol. 12, 313 (1914) fide S. J. Hughes DAOM 54038. 
H. sorghi Schw. Trans Am. Phil. Soc., Philadelphia, N.S. 4, 279 (1834), is based on two dis- 
cordant elements: setae of Colletotrichum gramincola (Ces.) G. W. Wils. and Helmis- 
porium conidia. No Helmisporium conidia were found on the type and only two were 
found on isotype material. A satisfactory separation of the two elements was not 
possible and the name is rejected. 
STIPA 
H. stipae Trabut, Etude sur I’Halfa (Stipa tenacissima). A. Jourdan, Alger, vi. + 90 pp. 
Pl. I-XXII (1889). p. 49. 
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TRITICUM 
H. tritici P. Henn. Notizbl. Kénigl. Botan. Garten Museums, Berlin, 3, 242 (1903). 
ZEA 
H. curvulum Sacc. Nuovo Giorn. Bot. Ital. N.S. 23, 214 (1916) is a Curvularia. 
H. curvatum was a mis-citation of H. curvulum Sacc. in Mitra, Mem. Dept. Agr. India, 
Bot. Ser. 11, 221 (1923). 
GRASS 
Cladosporium herbarum (Pers.) Link ex Fr. 
=H. flexuosum Cda. Icon. Fung. 1, 13 (1836). 
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INHERITANCE OF THE TYPE OF SOLID STEM IN 
GOLDEN BALL (TRITICUM DURUM) 


I. EARLY GENERATIONS OF A HYBRID WITH RESCUE (T. AESTIVUM)! 


Rusy I. LArson 


Abstract 


In a population of one thousand F, plants of the hybrid between Rescue, a 
solid-stemmed variety of Triticum aestivum L. emend. Thell., and Golden Ball, 
a solid-stemmed variety of 7. durum Desf., the more solid top internode of 
Golden Ball was associated with a dense spike and with durum-like morphology. 
Rigid selection failed to produce an F; line with a top internode as solid as that of 
Golden Ball combined with the morphological characters of T. aestivum. This 

was probably because the D genome present in Rescue but absent from Golden 
Ball tends to inhibit pith production in the top internode. Some increase in 
solidness was attained in two F; lines, and some Ress had pith patterns different 
from that of either parent. This was probably due to segregation of genes in the 
A and B genomes. 

Segregates with stems less solid than those of either parent appeared in the Fy 
generation and some fairly hollow, dwarf F; lines were established. Hollowness 

was probably caused by a combination of aneuploidy for chromosomes of the D 
genome and segregation of genes in the A and B genomes. These less solid lines 

varied more in pith content from plant to plant than did Rescue and the more 
solid F; lines; Golden Ball varied least. 


Introduction 


Solid-stemmed varieties of tetraploid wheats are more common than solid- 
stemmed varieties of hexaploid wheats, which occur mainly in the Mediter- 
ranean region (11). The distribution of pith in the two series is different, 
cavities developing mainly in the top internode of hexaploid wheats and in the 
lower internodes of tetraploids (7, 11). Platt (5) found that Golden Ball, a 
variety of Triticum durum Desf., had culms more solid than those of the solid- 
stemmed Portuguese varieties of 7. aestivum L. emend. Thell. that he had 
received from New Zealand. Golden Ball developed smaller cavities under 
low light intensities than the common wheats (5). As solid stem was considered 
an important factor in resistance to the wheat stem sawfly, Cephus cinctus 
Nort., it was thought desirable to transfer the stable solidness of Golden Ball 
to a hexaploid wheat. 

Failure to transfer the complete stem solidness of a tetraploid wheat to 
T. aestivum (1, 6) when a hollow-stemmed variety of common wheat was used 
in the hybrid was due to epistatic genes for hollowness in the D genome. 
Yamashita (12) and Matsumura (4) showed that chromosome e of the D 
genome, which is chromosome XX according to Sears’ nomenclature, has a 
gene for hollow stem epistatic to genes for solid stem in the A and B genomes. 
Arnason (1) found that the dense spike and long awns of tetraploids could 
not be entirely transferred to a hexaploid because of the D genome. Platt 
and Larson (6) demonstrated that solid stem was associated with a dense 
spike, white seeds, and resistance to bunt. 

1Manuscript received May 12, 1959. 


—e from Crop Insect Section, Canada Agriculture Research Station, Lethbridge, 
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Genes in the A and B genomes of wheat also influence stem solidness (9, 12). 
Such genes should not be difficult to incorporate into a hexaploid wheat unless 
the desired gene combinations proved lethal (10). 

This investigation was started in 1945 for the purpose of transferring the 
Golden Ball type of stem solidness to a hexaploid wheat employing a solid- 
stemmed variety of common wheat as the other parent. It was assumed that 
the D genome of such a wheat would lack the epistatic genes for hollow stem. 
It has since been found that chromosomes XIX, XX, and XXI, in the D 
genome of the solid-stemmed variety S-615, tend to make the culm hollow 
(2, 3). Nevertheless, the project was continued to determine to what extent 
the stem solidness of Golden Ball could be transferred to a hexaploid and to 
analyze the factors influencing pith distribution. This paper deals with F» 
studies supported by investigations of F; and F,. 


Materials and Methods 


The hybrid studied was Rescue (7. aestivum) X Golden Ball (7. durum). 
Rescue was selected from the varietal cross S-615 & Apex, S-615 being the 
solid-stemmed parent. Rescue is an awnletted variety of hard red spring 
wheat with solid culms and glabrous glumes and is susceptible to bunt. 
Golden Ball is a long-awned durum wheat with solid culms and pubescent 
glumes and is resistent to bunt. 

Although both varieties have pithy culms, Rescue develops hollowness 
more extensively than Golden Ball does when sunlight is inadequate (5). 
Cavities develop chiefly in the top two internodes of Rescue whereas they 
appear mainly near the base of the culm in Golden Ball. These observations 
agree with Watkins’ description of pith distribution in culms of hexaploid 
and tetraploid wheats (11). Further, as Putnam (7) has pointed out, the 
small cavities that appear at the top of each internode in Golden Ball are 
smooth inside and appear to be vestiges of the lumen of hollow-stemmed 
wheats whereas cavities near the base of the internodes are rough and irregular, 
apparently arising from fracture of the pith when it is outgrown by the culm 
wall. The cavities in Rescue are smooth, apparently anatomically equivalent 
to the lumens of hollow-stemmed wheats. 

The hybrid between Rescue and Golden Ball was made at the Experimental 
Farm, Swift Current, in the summer of 1945. The /, was grown in the winter 
increase plots conducted by the Cereal Crops Division, Canada Department of 
Agriculture, in the Imperial Valley, California, 1945-46. The /, was sown 
in a bulk plot on dry land at Swift Current in 1946. Seed was inoculated with 
a field collection of bunt spores before sowing. One thousand F»2 plants were 
examined without conscious selection except that obviously sterile ones were 
rejected, as the plants examined were to be progeny-tested. The degree of 
stem solidness was determined by cutting the culm 2 cm below the spike 
and in the center of the first well-developed internode above the crown. 
Cuts were classified as solid, partial, or hollow. Rescue is usually partial 
at the top cut and solid at the base under dry-land conditions. Golden Ball 
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is usually solid at both cuts, but when it develops cavities they are usually 
at the base. The spikes were examined for glume shape and glume cross 
section, which were classified as durum-like, aestivum-like, or non-parental. 
Mean rachis internode length was determined by dividing the length of the 
rachis by the number of spikelets less one. For purposes of analysis five 
classes were established: 2.0-3.9 mm, 4.0-4.9 mm, 5.0-5.9 mm, 6.0-6.9 mm, 
and 7.0-8.9 mm of rachis internode length. The seed of each plant was 
examined for bunt. 

The F; progeny rows were sown on dry land at Swift Current, 1947, from 
all F; plants examined that yielded apparently viable seed, Rescue and Golden 
Ball checks taking the place of the few that did not do so. The number of F; 
plants in each row was counted to 10; more than that were recorded as ‘‘many”’. 
The general morphology of the lines in the field was recorded as aestivum-like, 
durum-like, and non-parental. Lines that resembled 7. aestivum and had 
very solid or very hollow culms, lines that segregated such types, and lines 
predominantly like 7. durum but having unusual combinations of characters 
were kept to be studied in the same manner as the F». 

Contingency chi-square tests were made for associations in the /, popula- 
tion between stem solidness, both top and bottom, and mean rachis internode 
length; stem solidness and general morphology (three classes) in the whole 
population and in portions of the population yielding no progeny, 1-10 F; 
plants, and many progeny; stem solidness and fertility in the total population, 
and in durum-like, aestivum-like, and non-parental segments of it; stem 
solidness, top and bottom, and fertility; fertility and general morphology; 
and stem solidness and bunt infection. 

The F, lines were tested on irrigated land at Lethbridge in 1949, as the 
checks in F; showed that it was not always possible to differentiate the Rescue 
and Golden Ball types of stem solidness when the plants were grown on dry 
land. Progenies of representative /; plants from non-solid and solid-stemmed 
lines having predominantly 7. aestivum characters were tested. A total of 
307 progeny rod rows derived from 20 different F; lines were planted, 75 seeds 
to the row. Every 11th and 12th rows were planted to Rescue and Golden 
Ball checks, respectively. Examination was made in the field on three 
culms from each row taken without conscious selection; more plants were 
examined in F; lines that were the single representatives of F; lines. 

To determine the degree of solidness of each culm, three cuts were made in 
the top internode (5 cm below the spike, in the center, and 5 cm above the 
base) and one cut in the center of each of the lower internodes. Stem solidness 
rating of cross sections was recorded by index numbers: 1—thin-walled, 
hollow; 2—thick-walled, hollow; 3-—intermediate; 4—small-lumened; 5— 
solid. The total stem solidness of the culm was calculated by adding the 
indices for the three cuts (1, 2, 3) in the top internode (1) and the indices for 
the four lower internodes (II, III, 1V, V). When only three lower internodes 
were present the index of IV was taken as an estimate of V; when there were 
more than four lower internodes those below V were ignored in calculations. 
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The ¢-test was used for group comparisons of quantitative data in F;. Coef- 
ficients of variation were calculated and correlated with mean stem solidness 
ratings. Pith patterns of F; lines were compared with that of Rescue. 


Experimental Results 

F, and Generations 

In the /; population all combinations of the three degrees of stem solidness, 
solid, partial, and hollow, appeared. Solid top and bottom, the Golden Ball 
type, was found in 48% of the population; partially solid top and solid bottom, 
as in Rescue, in 30% of the Fy examined; the other seven combinations 
including hollow classes made up the remaining 22%. Although obviously 
sterile /, plants were not included in the study, 24% of the plants examined 
produced no F; progeny surviving to maturity, and 37% produced only from 1 
to 10 offspring. The associations among various characters of the 2 popula- 
tion are summarized in Table I. 

TABLE I 


Association of stem solidness with other characters in an F2 population of the pentaploid 
wheat hybrid Rescue X Golden Ball. dry land, Swift Current, 1946 


Degrees of 
Classes of solidness and other characters Chi-square freedom Probability 

All combinations* and mean rachis internode length 159.654 32 <«K.001 
Top cut and mean rachis internode length 117.789 8 <«<.001 
Bottom cut and mean rachis internode length 19.853 8 01 
All combinations* and fertility 47.469 16 <.001 
Top cut and fertility 33.839 4 <.001 
Bottom cut and fertility 5.204 4 .30 
Three classesf and fertility 24.291 4 <K.001 
Three classesf and fertility in 7. durum-like segment 10.740 4 .05 
Three classesf and fertility in non-parental segment 9.259 4 .05 
Three classesf and fertility in T. aestivum-like segment 1.903 4 .70 
Fertility and general morphology 62.222 4 «K.001 
Three classest and general morphology 51.263 4 <.001 
Three classest and general morphology in fertile seg- 

ment 24.372 4 <.001 
Three classest and general morphology in low fertility 

segment 13.534 + <.01 
Three classest and general morphology in sterile seg- 

ment 10.983 4 .05 
Three classest and bunt infection .618 2 .80-.70 


*Three degrees of solidness, solid, partial, and hollow, in the top cut combined with three in the bottom cut, 
nine combinations in all. 
— top and bottom as in Golden Ball, partial top and solid bottom as in Rescue, and all others including 

ollow. 


The high chi-square for association between mean rachis internode length 
and all combinations of stem solidness was due mainly to a strong association 
of solid top internode with a dense spike and of partial and hollow top inter- 
node with a lax spike. When associations between stem solidness in top and 
bottom were tested separately with rachis internode length, the first com- 
parison gave much the higher chi-square. 
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Stem solidness was also associated with fertility. Here again, most of the 
association was shown with solidness of the top internode, solidness and 
fertility being related. No such relation was shown with solidness of the 
bottom cut. When only three classes of solidness, Golden Ball-like, Rescue- 
like, and non-parental, were considered, there was a strong association of 
solidness with fertility, but within the three morphological classes the associa- 
tion was significant only in the durum-like group and was not evident at all 
in the other two. Therefore, the association of solidness of the top internode 
with fertility must be due to differences in fertility between the morphological 
classes. There was a strong association between high fertility and the durum- 
like morphology. Plants like T. aestivum were intermediate in fertility 
whereas the non-parental types and those producing mixed progeny were 
least fertile. 

Stem solidness was associated with general morphology in the whole popula- 
tion and in all fertility segments of the population, especially in the most 
fertile group. 7. durum characters were associated with solid stem at both 
the top and bottom cuts whereas 7. aestivum characters were negatively 
associated with a solid top cut and with non-parental types of stem solidness. 


TABLE II 


Mean solid stem index of F; lines of the hybrid Rescue X Golden Ball derived from F; plants 
selected for solid or hollow stem and 7. aestivum morphology, irrigation, 
Lethbridge, 1949 


Mean 
difference 
of F; lines t-Test of difference between 


from F, and Rescue 
F, plant Mean solid nearest Coefficient 
and F; No. of stem index Rescue Degrees of of 
line No. F, lines of F, line checks t freedom P variation 
Golden 
Ball — 34.434 .11 + 5.40** 19.255 173 <.001 3.04 
74 1 32.052 .35 + 3.38" 3.725 41 .01 6.63 
65 1 31.64+ .55 + 2.98 2.581 27 02 8.41 
497 16 o1.442 .22 + .92 1.716 55 10 4.96 
571 6 31.114 .73 + 2.44 1.679 22 10 9.92 
430 2 30.50+1.98 + .50 . 242 10 80 15.90 
297 50 29.99+ .12 = 10 .270 169 80 5.06 
384 30 29.63+ .18 + 13 . 290 70 80 4.77 
226 15 29.56+ .29 - 11 .143 52 90 6.67 
489 7 29.33+ .43 — .78 28 30 6.76 
613 31 28.92+ .13 + .78* 2.026 106 05 4.25 
592 16 28.38+ .36 + 21 .257 58 80 8.65 
335 36 28.36+ .22 = 97 1.714 124 10 8.13 
218 18 26.20+ .32 + 70 .674 58 50 8.39 
927 27 28.04+ .52 — 1.46 1.285 31 20 9.66 
98 12 27.72+ .41 + = .30 .343 46 70 8.86 
188 10 27.60+ .55 + 1.43 1.011 34 30 10.96 
150 1 24.83+ .83 — 1.34 750 10 50 8.22 
56 15 15.24+ .48 —13.43** 9.897 $1 <.001 21.36 
713 51 10.45+ .25 —19.33** 31.793 58 <.001 16.83 
787 24 10.42+ .29 —19.08** 30.286 28 <.001 13.84 


Note: r of coefficient of variation and mean = —.737**; d.f. = 20; P <.01. 
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Bunt infection was only 3.9% for the whole population. For the portion 
of the population with stems like those of Rescue the percentage infection 
was 4.6%, for those resembling Golden Ball, 3.5%, and for non-parental 
types, 3.7%. These infection rates are very low, and no association was 
found between bunt infection and stem solidness (Table I). 


F, Generation 

Examination of solidness at several points on the culm showed differences 
between lines of the F; population grown from F; lines and plants selected for 
T. aestivum-like morphology and for stems either more hollow or more solid 
than those of Rescue (Table II). Two lines, 74 and 65, were more solid 
than Rescue, and 56, 713, and 787 were much less solid. Number 613 was 
more solid than its nearest Rescue checks but less solid than the mean of all 
Rescue checks, so it has not been considered to be significantly more solid. 
The high negative correlation between the coefficient of variation and mean 
solid stem index shows that generally the hollowest lines tended to be most 
variable. Most of the lines were about as variable as Rescue. 

The hollowest lines were dwarfs, largely because most of them had only 
three internodes. The mean value for internode IV given in Table III was 
calculated from very few plants. As all three hollow lines were uniformly 
dwarf, this suggests a relationship between the hollowness and short stature, 


TABLE III 


Mean solid stem index of each cut in culms of F; lines of the hybrid Rescue * Golden Ball 
from F; plants selected for solid or hollow culms, irrigation, Lethbridge, 1949 


Mean solid stem index 


v Top internode (I) Lower internodes 


III IV 


w 
— 
— 


2 


a 


F, plant No. 


Rescue* 
Golden Ball* 
74 


SON 
SF 


*Average of all plots in test. 
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both perhaps being due to aneuploidy for one or more chromosomes of the 
D genome. As the amount of pith and the pattern of its distridution were 
not the same in all three lines (Table I11), it is probable that segregation for 
genes in the A and/or B genomes had also occurred. 

Most of the remaining lines, all of whose parents had been selected for 
culms more solid than those of Rescue, had a pith distribution similar to that 
of Rescue (Table 111). The two most solid lines, 74 and 65, differed from 
Rescue in having a higher solid stem index at cuts 2 and 3 of internode I 
than Rescue; 65, however, was less solid than Rescue at cut 1 whereas 74 
was more solid at that point. Three other lines, 571, 430, and 150, although 
no different from Rescue in total solid stem index, appeared to have a different 
pith distribution (Table II1). Number 430 was more solid than Rescue in 
the top internode, significant at the 1% level, but other differences were not 
significant. 


Discussion 


The main difference in stem solidness between Rescue and Golden Ball is 
that Golden Ball is more solid in the top internode. This is a characteristic 
difference between solid-stemmed tetraploids and hexaploids (11). This 
difference was found to be due mainly to genes on chromosomes of the D 
genome. Evidence for this is twofold: solidness of the top internode was 
associated with durum-like general morphology and with short mean rachis 
internode length. This agrees with Arnason (1), who found that the very 
dense spike of the tetraploids could not be transferred to a hexaploid by 
hybridization and, therefore, must be hypostatic to genes for lax spike in the 
D genome. It agrees with results in hybrids between Golden Ball and hollow- 
stemmed hexaploids (6) where solid stem and dense spike were associated. 
However, in the present experiment there was little relation between solidness 
at the bottom of the culm and spike density or general morphology. 

Some increase in solidness of the top internode over that of Rescue was 
achieved in the F; lines. If these lines were fully hexaploid, the increase 
must have been due to segregation for genes in the A and/or B genomes. 
Monosomic analysis of S-615, the solid-stemmed parent of Rescue, showed 
that chromosome III of the B genome carries a gene or genes for solidness 
of the top internode (3). As Rescue is less solid than S-615 in the top inter- 
node, it is likely that Golden Ball has a stronger allele on chromosome III 
for solidness of the top internode than Rescue has. 

Some hollow-stemmed segregates were found in the F, of the Rescue X 
Golden Ball hybrid. Theoretically, these could have been due to natural 
outcrossing of the /, with hollow-stemmed wheats in the winter increase plot, 
as the spikes of the /, were not bagged to prevent it. However, if this were 
so, the hollow-stemmed plants should have been at least as fertile as a penta- 
ploid F;. In fact they were the least fertile group in the /, population. 
Therefore, it is reasonable to assume that they were aneuploid for chromo- 
somes of the D genome. There was probably also some segregation for 
genes in the A and B genomes. 
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There was no association between bunt resistance and degree of stem 
solidness in the Rescue X Golden Ball hybrid as there had been in hybrids 
of Golden Ball with hollow-stemmed, bunt-susceptible varieties of T. aestivum 
(6). If in spite of the low bunt infection the data represent the true relation- 
ship of bunt resistance and solid stem in this hybrid, the gene for bunt resist- 
ance in Golden Ball must be linked with a gene having the same influence 
on solidness as its allele in Rescue. It must also be on a chromosome of the 
A or B genome, probably XIII. The Martin gene for bunt resistance, 
found on chromosome XIII,* is linked with a group of other important genes 
for bunt resistance (8). Chromosome XIII of Chinese Spring (hollow) has a 
gene for hollow stem which is lacking in the solid-stemmed variety, S-615 
(2, 3). Rescue and Golden Ball presumably also lack this gene for hollow 
stem. If the gene for bunt resistance in Golden Ball is on chromosome XIII, 
no association with stem solidness would be shown in a hybrid with Rescue. 
Research is in progress to test this hypothesis. 
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EFFETS DE L’ACIDE GIBBERELLIQUE SUR LE METABOLISME 
DES PLANTES! 


Louts-J. COULOMBE ET ROGER PAQUIN 


Résumé 


La pulvérisation d'une solution d’acide gibberellique sur le feuillage entier ou 
partiel de plantes de tomates provoque un accroissement rapide de la respiration, 
de la photosynthése et de la transpiration qui débute environ 1 a 2 heures aprés 
l’arrosage pour atteindre un maximum 3 ou 4 heures plus tard. Ce maximum est 
suivi d'une diminution rapide des trois phénoménes étudiés. A l'exception de la 
transpiration qui redevient normale, les taux de la respiration et de la photo- 
synthése des plantes traitées demeurent nettement plus élevés que ceux des té- 
moins, dans les limites de l’expérience. 


Introduction 


L’acide gibberellique produit par Gibberella fujikuroi posséde des pro- 
priétés analogues a celles des auxines, en particulier celles d’accroitre la 
multiplication cellulaire (5, 9), l’allongement des cellules et des tiges (4), 
d’influencer la période doceaante des bourgeons (8), etc. Bien que ces effets 
aient été observés sur un grand nombre de plantes, nous savons trés peu de 
chose sur l’action physiologique de cette substance et nous ignorons quels 
mécanismes elle influence dans la plante (11). Plusieurs auteurs mentionnent 
une augmentation du poids sec et des sucres, une plus grande absorption du 
carbone (2) et méme une activité accrue de quelques enzymes sous I|’influence 
de l’acide gibberellique, alors que d’autres chercheurs rapportent le contraire 
(11). 

Il semble donc nécessaire d’étudier les effets de l’acide gibberellique sur le 
métabolisme de la plante non seulement pour expliquer certains changements 
physiologiques et morphologiques, mais aussi pour comparer ces effets a 
ceux que produisent d'autres régulateurs de croissance et certaines substances 
inhibitrices. 


Matériel et Méthode 


Des plantes entiéres de tomates de la variété Bonny Best, agées de 50 a 
85 jours, servirent a l'étude des effets de l’acide gibberellique. Une feuille de 
plante fut introduite dans la chambrette d'un analyseur de gaz a infrarouge, 
utilisé pour la détermination du CO, et de la vapeur d’eau, pendant qu’une 
feuille d'une autre plante placée dans une chambrette identique servait de 
témoin. Douze a quinze millilitres d’une solution d’acide gibberellique 
(Gibrel de Merck et Co.) 4 100 p.p.m. furent pulvérisés, soit sur la plante 
enti¢re (arrosage total), soit sur le feuillage a l’extérieur de la chambrette 
(arrosage partiel). La surface des feuilles sous observation, mesurée par 
une méthode décrite antérieurement (6), fut notée avant et aprés les expé- 
riences de méme que la hauteur des plantes. 

1Manuscrit regu le 25 mai 1959. 


Contribution du Laboratoire des Recherches, Ministére de l’Agriculture du Canada, 
Ste-Anne-de-la-Pocatiére, Qué. 
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Le nombre de microlitres de CO, absorbés ou dégagés pendant 1 heure par 
milligramme de poids sec (Qco,) ou par centimétre carré de surface servit de 
commune mesure a I’activité photosynthétique ou respiratoire de la plante. 
L’emploi des microlitres au lieu des milligrammes facilita la correction du 
volume du COs, a différentes températures. Le nombre de milligrammes 
d’H,O0 dégagés pendant 1 heure par milligramme de poids sec ou par centi- 
metre carré de surface fut utilisé comme mesure de la transpiration. 


Résultats 


Notons immédiatement que toutes les plantes traitées a l’acide gibberellique 
montrérent généralement un allongement double ou méme triple de celui des 
témoins. Cependant l’accroissement en surface des feuilles traitées fut nul 
ou non significatif. Yabuta et Hayashi rapportent méme des effets inhibiteurs 
des gibberellines sur l’expansion des feuilles de tomate (11). 


Effet sur la respiration et la photosynthése 

Apres une période latente de 1 4 2 heures, dépendant de la vitesse d’absorp- 
tion de l’acide gibberellique, la respiration et la photosynthése augmentent 
rapidement pour atteindre leur sommet 3 ou 4 heures plus tard (Fig. 1). 
Ces sommets représentent un accroissement de 28 a 30% pour la respiration 
et 35% pour la photosynthése (moyenne de six expériences). Subséquem- 
ment la respiration et la photosynthése diminuent rapidement pendant 2 
heures environ et moins rapidement par la suite. Malgré cette diminution, 
les taux de la respiration et de la photosynthése demeurérent nettement plus 
élevés chez les plantes traitées que chez les témoins. La diminution plus 
rapide de la photosynthése est probablement due aux conditions artificielles 
de l’expérience, un éclairage insuffisant, la réclusion dans les chambrettes de 
verre, etc. Le mode d’arrosage n’influenga aucunement les résultats, indice 
d’une translocation rapide de l’acide gibberellique vers les centres actifs du 
métabolisme, confirmant ainsi les résultats de travaux antérieurs (11). 

Des déterminations alternatives de la photosynthése et de la respiration 
sur des mémes plantes donnérent des résultats semblables 4 ceux obtenus en 
déterminant les taux de ces fonctions sur des plantes différentes. 

Les calculs du dégagement de CO, par milligramme de poids sec ou par 
centimétre carré de surface de feuillage donnérent des courbes identiques, 
fournissant ainsi une preuve indirecte qu'il y a peu ou pas de changement dans 
le poids sec des plantes pulvérisées avec l’acide gibberellique. 

Il faut noter que dans les conditions expérimentales précédentes, la déter- 
mination du COs, absorbé par les plantes a la lumié¢re n’est que la mesure de 
l’activité apparente de la photosynthése. Pour obtenir l’activité photo- 
synthétique réelle, il faudrait mesurer au méme instant sur la méme feuille le 
CO, absorbé et le CO: dégagé (respiration). Ceci est pratiquement impossible. 
En réalité, la quantité de CO, dégagé durant la respiration n'est qu’une 
fraction du CO, absorbé (1/4 a 1/5) et, par conséquent, devient négligeable. 
De plus, la comparaison de deux plantes dans les mémes conditions expéri- 
mentales minimise la nécessité d’avoir la valeur réelle de la photosynthése. 
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Fic. 1. Effet de l’acide gibberellique sur la respiration et la photosynthése des plantes 
de tomates (var. Bonny Best). La fléche indique le moment de l’arrosage. Chaque point 
sur les courbes représente la moyenne de deux, trois ou quatre lectures. 


Pour ces deux raisons, nous sommes justifiés de croire que la détermination 
de la photosynthése apparente donne une idée assez juste du phénoméne qui 


se passe en présence de l’acide gibberellique. 


Effet sur la transpiration 

L’acide gibberellique produit sur la transpiration des plantes de tomates 
des effets semblables 4 ceux qu’il produit sur la respiration et la photosynthése 
(Fig. 1). Cependant, l'accroissement maximum de la transpiration chez la 
plante traitée atteint 12°, (moyenne de quatre expériences) comparé a 28% 
pour la respiration et 35° pour la photosynthése. Cet accroissement de la 
transpiration peut difficilement ¢tre attribué a une expansion du feuillage, 
puisque la transpiration décroit et retourne a sa valeur initiale aprés quelques 
heures. 

Discussion 


Les effets de l’acide gibberellique, tels que l’allongement des tiges, l’aug- 
mentation de la respiration, de la photosynthése et de la transpiration des 
plantes de tomates, semblent démontrer que non seulement cette substance 
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possede certaines propriétés en commun avec les hormones végétales, mais 
aussi qu'elle peut influer sur le métabolisme général de la plante. Son action 
serait donc moins spécifique qu’on serait porté a le croire (11). Il parait 
établi qu’un stimulus de la croissance s’accompagne d’une augmentation de la 
respiration (1). L’action de I’acide gibberellique pourrait donc s’expliquer, 
soit par la formation ou l’accumulation de substances-clés (ou auxines) néces- 
saires au métabolisme général, soit par une action synergique ou inhibitrice 
tendant a libérer ces substances-clés. Les travaux de Brian et Hemming 
confirment par ailleurs cette hypothése (3). Ainsi les gibberellines favori- 
seraient l’accumulation des hormones de croissance dans les tissus en ralentis- 
sant leur inactivation enzymatique (7). Cette action indirecte sur le méta- 
bolisme général de la plante expliquerait aussi certains phénoménes tels que 
le renversement du nanisme, les changements dans le photopériodisme, etc. 
(11). 

Il y a cependant un phénoméne qui préte a confusion: l’accélération du 
métabolisme de la plante devrait normalement causer une augmentation du 
poids sec. Tel n’est pas le cas. Le méme phénoméne a déja été observé 
avec le 2,4-D et le 2,4-dinitrophénol (10). II faut noter que la respiration de la 
plante ne s’interrompt jamais, alors que la photosynthése est active environ 8 
heures par jour. Un accroissement de la respiration signifie done une plus 
grande oxydation des hydrates de carbone et des autres substances organiques, 
ce qui ne permet pas a la photosynthése d’accumuler les produits nécessaires 
a l’augmentation du poids sec. 


Summary 


Tomato foliage-entirely or partially sprayed with a solution of gibberellic 
acid showed 1 or 2 hours later a rapid increase in respiration, photosynthesis, 
and transpiration. .A maximum rate was reached 5 or 6 hours after spraying 
and was followed by a rapid decline. Except for the transpiration, which 
returned to its initial rate, the respiration and photosynthesis of the treated 
plants remained higher than those of the checks in the limits of experiments. 
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DIAGNOSIS OF POTATO VIRUS F BY MEANS OF 
SOLANUM MINIATUM! 


JAMES Munro? 


Abstract 


The reactions of certain solanaceous species to infection with potato virus F 
are described. Many species either do not show symptoms or are erratic in their 
behavior. Solanum miniatum Bernh. is a reliable specific plant indicator of 
this virus, unaffected by the changing environmental conditions that seem to 
be responsible for the varying symptom development in other species. The 
symptoms caused in S. miniatum by virus F are much more severe than, and 
quite dissimilar from, those caused in this plant by the common potato viruses 
A, X, and Y. 


A strain of potato virus F (1) was found in a symptomless potato plant of 
the European variety Southesk. The plant was being tested on White 
Burley tobacco for the presence of a mild strain of potato virus Y, but the 
only symptoms that developed were occasional gray blotches on the inocu- 
lated leaves of some tobacco plants. These blotches were caused by the 
collapse of mesophyll cells, and could be confused with rubbing damage. 
The symptoms were similar to those described by Dykstra (2) as being caused 
on this host by virus F. An isolate of virus F obtained from Dr. Phyllis 
Clinch of University College, Dublin, Eire, and an isolate from the potato 
variety Southesk were shown to be of the same virus by mutual antagonism 
and serological tests. 

The two isolates could be differentiated by separate inoculations into 
White Burley tobacco plants. When large numbers of these tobacco plants 
were inoculated with each isolate, the profusion of gray blotches from one 
isolate and the paucity from the other made a striking comparison. 

Potato virus G (1) was also shown to be related to virus F by mutual 
antagonism and serological methods. 

Although each strain of the virus infected all solanaceous species inocu- 
lated, this could only be shown with surety after a reliable indicator had been 
found. Many species either did not show symptoms or were erratic in their 
behavior. In the short dark days of autumn and winter, symptoms developed 
in species that were symptomless in the summer. At times during the sum- 
mer only 20% of inoculated tobacco plants produced visible symptoms. Of 
the solanaceous species that developed symptoms only two gave full symptoms 
in all plants whenever inoculated. They were Solanum miniatum Bernh. 
and Physalis angulata L. However there was an over-all similarity of host 
reaction to the virus in all plants that did react with apparent symptoms. 

1Manuscript received May 26, 1959. 

Contribution No. 1676 from the Botany and Plant Pathology Division, Science Service, 


Canada Department of Agriculture, Ottawa, Ontario. 
2Plant Pathology Laboratory, Fredericton, New Brunswick. 
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The dominating symptom was shapeless gray blotches caused by collapse 
of mesophyll cells. These blotches enlarged and coalesced to cover large 
areas, and were most intense on inoculated leaves. 

In the search for a reliable specific host plant indicator of virus F, species 
of eight genera were inoculated. Species of the genera Browallia, Hyoscy- 
amus, Lycium, and Lycopersicum did not develop symptoms. 

Capsicum spp., Capsicum annuum L., and Capsicum frutescens L.—These 
are commonly used as plant indicators of potato virus X and many strains of 
this virus cause plants of both species to react with top, or stem and leaf 
necroses. The symptoms caused by virus F on these hosts could not be 
differentiated from those caused by such strains of virus X. 

Datura spp. and Nicandra physalloides.—Plants of these genera were of 
little value as reliable differential hosts. The symptoms of infection to virus 
F in Datura stramonium var. tatula L. and in Nicandra physalloides L. were 
similar. The young leaves became pale and occasional gray blotches were 
found on inoculated leaves. These blotches were small, 2-3 mm across, 
rarely more than one on a leaf and sometimes only one on a plant. The 
symptoms in D. ferox L. and D. metel L. were similar but more vague. 

Nicotiana spp.—Symptoms oi infection with virus F appeared on young 
White Burley plants (Nicotiana tabacum L.) in 5 to 8 days. They were 
small gray rings, half-rings, or shapeless blotches 3-4 mm across. The 
lesions increased in size, coalesced, and became large indefinitely shaped 
blotches within another week. However, because symptoms did not develop 
in each inoculated plant it was necessary to use large numbers of plants for 
each test. This is also descriptive of the effect of virus F in seven other 
Nicotiana spp. including N. rustica L. and N. glutinosa L. Only a vague 
mottle appeared in NV. alata Link & Otto, and N. langsdorffii Wein. was symp- 
tomless. When symptoms of virus F were well developed in Nicotiana spp., 
they were peculiar to that virus, but when the lesions were sparse and in the 
form of rings they could be confused with a strain of virus X. 

Physalis spp-—P. angulata, P. floridana Rydg., and P. pubescens L. were 
the species used. All three developed a severe disease after infection with 
either strain. Well-defined symptoms appeared in P. angulata and P. pube- 
scens. On the inoculated leaves, white necrotic rings developed that coalesced 
to cause shapeless gray blotches. They gave a white-bleached appearance 
to the leaves of P. pubescens from the tips backwards. The growth of the 
younger leaflets in both species was restricted and they became distorted and 
necrotic. However in the winter only a slight indeterminate mottle appeared 
on P. pubescens plants from either strain. Symptoms in P. floridana could 
be confused with those caused by infection with some strains of potato virus 
X. The species was also unreliable in its production of symptoms. 

Solanum spp.—Some types of Solanum demissum L. reacted with top 
necrosis to infection with each of the virus F strains. But this hypersensitive 
reaction was also caused in the same hosts by infection with potato virus A. 

Solanum miniatum Bernh.—This was the only one of eight other Solanum 
species tested that reacted with clear and specific symptoms of virus F infec- 


PLATE | 


Fic. 1. S. miniatum infected with virus F. 

Fic. 2. S. miniatum infected with virus Y. 

Fic. 3. S. miniatum infected with virus F; inoculated leaf. 

Fic. 4. S. miniatum infected with very severe strain of virus X. 
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tion. Gray rings, half-rings, and blotches appeared on the inoculated leaves 
» .thin a week (Fig. 3). This was followed successively by gray blotches and 
brown necrotic blotches on the younger upper leaves of the plant, then chloro- 
sis, and finally leaf drop (Fig. 1). All plants were severely dwarfed. These 
peculiar symptoms developed fully in all inoculated plants under normal 
greenhouse conditions throughout the year. 

Although specific symptoms developed in P. angulata following inoculation 
at any time, the presence of virus F in an inoculum containing other potato 
viruses was more clearly identified in S. miniatum. But perhaps what is 
more important all other test plants that developed virus F symptoms showed 
similar symptoms when infected with virus G alone. Symptom differences 
between the two viruses could not be detected in either the Capsicum spp. 
or Physalis pubescens. In other species there was difference in degree of 
profusion and severity; symptoms of virus G infections were much milder. 

Plants of S. miniatum were symptomless when inoculated with potato 
virus A or with any one of many strains of potato virus X. When infected 
with potato virus Y (Fig. 2) there was faint dark green vein banding, and 
fairly severe strains of virus X caused a vague mottle. Strains of virus X 
that caused severely necrotic diseases in D. stramonium and rugose mosaic 
in some potato varieties caused only light and dark green mottle in S. mini- 
atum (Fig. 4). Yellowish-green blotches and mottle developed in the plants 
infected with virus G. These marked differences in symptoms between 
viruses F and G were further accentuated by lack of vigor and severe dwarfing 
of the virus F infected plants. 

S. miniatum is therefore valuable as a specific indicator of virus F because 
the symptom development seems to be unaffected by environmental and 
seasonal changes, and because there is no development of vivid symptoms 
in this species from infection by the other common potato viruses. 
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THE TIME FACTOR IN THE DECOMPOSITION 
OF CONIFEROUS LEAF LITTER! 


W. Bryce KENDRICK? 


Abstract 


A method is described for determining the duration of the various stages in 
the decomposition of coniferous leaf litter on mor sites. Knowledge of the time 
required for the decay process in different species would allow useful comparisons 
to be made of their inherent mor-forming tendencies. 


One of the immediately apparent differences between a mor and a mull is 
the great accumulation of plant debris, chiefly leaf litter, often to be found on 
the former, and its relative absence from the latter. This accumulation of 
litter is eminently suitable for ecological studies of microbiological succession, 
owing to its development of characteristic strata which correspond to well- 
marked stages in a successional process of decay. Such organic horizons 
under conifers have the added advantage that the needles of which the upper 
layers are largely composed lend themselves admirably to the processes of 
sampling and experimentation without loss of identity or integrity. The 
present study was concerned with the organic horizon under a pure stand of 
Scots pine at Delamere Forest, Cheshire, England. The recognizable strata 
are described here in order to obviate any confusion which might otherwise 
arise from the unexplained use of their familiar, but often variously interpreted, 
designations. Litter or L layer: recently fallen, relatively undecomposed 
needles, often light brown to buff in color, with high tensile strength and rela- 
tively low moisture content, lying in a loose uncompacted layer at the surface. 
Fermentation or F layer, here divisible into F;: needles grey to black, tissues 
softened, very low tensile strength and relatively high moisture content, lying 
in a more closely packed stratum immediately below the L layer, and char- 
acterized by intensive fungal activity; and F2: needles grey, often fragmentary, 
flattened, lying in a tightly compressed mat below the F; layer and charac- 
terized by intensive meiofaunal activity. Humification or H layer: brown and 
more or less amorphous, consisting largely of animal faeces and fungal remains, 
as needles have now undergone complete physical reduction. Fine tree roots 
are common in this layer, which lies immediately above the uppermost layer 
of the mineral soil, the humus-stained A, horizon. 

Despite the fact that this habitat proved so suitable for many quantitative 
studies of the decomposition processes, one of the most important of such 
quantitative aspects, the time factor, was not directly measurable. This 

1Manuscript received June 1’, 1959. 
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paper discusses a method by which a time scale was derived for the decomposi- 
tion of the pine leaf litter at Delamere Forest, and the wider implications of 
that method. 

The first step was to measure the total annual leaf litter production per unit 
area of forest floor. The second was to remove the entire organic horizon 
from a carefully chosen sample plot, each of the component layers being care- 
fully segregated and collected in a separate container. In the laboratory, 
numerically equal samples of needles from the L, F;, and F2 layers were selected, 
and their dry weight determined. In addition the total dry weight of each 
layer was found, needles being weighed separately from the twig, cone, and 
bark fragments. From the data obtained, the percentage loss in dry weight 
of needles from the lower layers compared with the recently fallen needles 
from the surface layer could be determined. The application of suitable con- 
version factors derived from this known loss in dry weight enabled the equi- 
valent amounts of fresh litter represented by the L, Fi, and F: layers to be 
found. Comparison of these figures with the measured year’s fresh litter 
production allowed the approximate average time spent by a needle in each 
layer to be determined. 

Litter production was traced by installing a litter trap, 1 m square, in a 
suitable location, and collecting the litter falling therein at intervals through- 
out the year. Thus not only the total amount of litter produced but also the 
distribution of litter production around the year could be followed. The data 
obtained from the litter trap are given in Table 1. The autumnal needle drop, 
accounting here for two fifths of the entire year’s litter, is evident. Previous 
records of annual litter production by various species of pine, quoted by 
Handley (5), showed that the greatest range was found by Ebermayer.(4), who 
reported amounts varying between 1700 and 5150 kg ovendry weight per 
hectare. The figures of other authors fell within this range, as did those 


TABLE I 


Determination of litter production by the needle trap 


Ovendry wt., g 
Total litter production for 1957 476 
Total leaf litter 408 
Twig, cone, and bark fragments 68 


Distribution of litter fall round the year 


Month % of total Month % of total 
January 3 July 2 
February 3 August 42 
March 6 September 9 
April 10 October 5 
May 5 November 6 
June | December 2 
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obtained in the present study. The amount of litter collected from the trap 
during 1957 was equivalent to 4760 kg per hectare ovendry weight. Of this, 
4080 kg was accounted for by leaf litter, and the remaining 680 kg by twig, 
cone, and bark fragments. 

Alway and Zon (2) found variations in dry weight of litter produced from 
year to year on a single plot, and from plot in 1 year, of up to 25%. These 
workers quoted the average annual litter production as equalling from one- 
fourteenth to one-sixth of the organic matter content of the underlying forest 
floor. At Delamere Forest the fraction appears to be approximately one- 
tenth. Here it must be mentioned that exceptional circumstances may bring 
about much larger irregularities in litter production than those observed by 
Alway and Zon. Dimock (3) reported that extremely low winter temper- 
atures may lead to litter production at three times the normal rate in the follow- 
ing year. A needle rust on white spruce in Manitoba and Saskatchewan 
sometimes causes the loss of almost all needles formed in the previous year 
(Rowe, private communication). In the defoliation of balsam fir by spruce 
budworm, very few unattacked needles reach the ground (Redmond, private 
communication). Finally, cone production is much greater in some years 
than in others. This may have an effect on needle development and therefore 
on subsequent litter production. Thus it would appear to be most desirable 
to have some knowledge of the recent history of the stand being studied before 
attempting to work out a time scale for the decomposition of its leaf litter. 

The total amounts of ovendry material in the different layers of the organic 
horizon at Delamere are shown in Table II. Previous figures obtained from the 
L layer under pine species ranged from 1150 kg per hectare for Scots pine 
(Ovington (9)) to over 6600 kg per hectare for Norway pine (Alway, Methley, 
and Younge (1)). For the F layer, Alway, Methley, and Younge found 
quantities of organic matter ranging from 12,600 kg per hectare under jack 
pine to 28,000 kg per hectare under white pine. The same workers reported 
amounts for the H layer varying from 19,000 kg per hectare for jack pine to 
46,000 kg per hectare for white pine. On the experimental plot at Delamere, 
the L layer was equivalent to 2080 kg per hectare, the total F layer to 30,160 
kg per hectare, and the H layer to 14,000 kg per hectare of ovendry matter. 

One hundred needles from each of the three layers, L, Fi, and Fs, were 
oven-dried and weighed. This procedure showed that the F; layer needles 
had lost 24%, and the F, needles 47% dry weight, as compared with needles 
of layer L. ‘Table II shows the total weights of actual leaf litter per hectare 
in the L and F; layers on the Delamere site to be 1720 kg per hectare and 6280 
kg per hectare respectively. Using a multiplication factor of 4/3 to compen- 
sate for loss in dry weight of the F; needles, it is seen that the F; layer contains 
the equivalent of 8370 kg per hectare of freshly fallen leaf litter, or nearly 
five times the amount represented by the L layer. Relating these figures to 
the measured leaf litter production of just over 4000 kg per hectare for a 
complete year, it is found that the L layer, as constituted when sampled, 
represented less than half of the total year’s litter production, while the F; 
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TABLE II 


Amounts of ovendry material in the different layers of the organic horizon 


‘ Equivalent in Equivalent in 
Description of kilograms per. kilograms of 
Layer litter hectare fresh litter 
LE. Needles 1,720 1,720 
Twig, cone, bark 
fragments 360 
Total L 2,080 
F, Needles: grey 480 
grey-black 3,440 
black 2,360 
Total 6,280 8,370 
Twig, cone, bark 
fragments 1,380 
Total F, 7,660 
Needles 15,750 29,720 
Twig, cone, bark 
fragments 6,750 
Total F2 22,500 
Total F; and F, 30,160 
H Total H 14,000 
Total organic horizon 46,240 


layer contained the litter of more than two years at the same rate of produc- 
tion. These figures suggest that a needle may be incorporated into the F; 
layer rather less than a year after falling to the ground. That this is indeed 
the case has been demonstrated by marking needles of the L layer with paint 
immediately before the autumnal leaf fall. By late spring the following year, 
the needles were seen to have entered the F; layer, some being grey-black, 
others completely black and extensively colonized by the dominant fungi of 
the F, layer (Kendrick (6, 7, 8)). 

The total dry weight of leaf litter in the F, layer was found to be equivalent 
to 15,750 kg per hectare. Applying a multiplication factor of just less than 2, 
to compensate for the known loss in dry weight of F, needles, the F2 layer is 
seen to contain materials equivalent to approximately 30,000 kg per hectare of 
freshly fallen litter, or to about seven and a half years’ needle fall at the 
measured rate. It may be noted that twig, cone, and bark fragments, while 
constituting only 14% of the measured year’s litter fall, are found to make up 
30% of the total dry matter of the F, layer. This apparent increase is due to 
the slower breakdown of the twig and cone fragments, the latter appearing 
particularly resistant. 

The various figures quoted above show that needles falling to the ground 
may spend on average approximately six months in the L layer, approximately 
two years in the F; layer, and about seven years in the Fy, layer. 

No claim of absolute accuracy can be made for these results, as a represent- 
ative average figure for annual litter production, on which the exactness of 
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the method depends, can be obtained only by maintaining litter collections 
for several years. However, excluding the influence of extreme climatic con- 
ditions, severe disease, or pest infestation (none of which, so far as the writer 
knows, have occurred at Delamere Forest in recent years), and allowing for 
the normal 25% variation from year to year found by Alway and Zon, the 
figure obtained is not likely to be more than 12% from a true mean, and the 
errors in the time scale will not exceed a few months in the case of L and Fy 
layers, and a year in the case of the F2 layer. This method of determining 
the time scale cannot be applied to the H layer, as the needles have lost their 
identity prior to incorporation with this layer. 

The figure for the L layer may vary widely depending on whether the organic 
horizon samples are taken before or after the autumnal needle fall, and it 
would seem advisable to sample at the same season of year in any such investi- 
gation, so that results may remain strictly comparable. In the present study 
the sampling was carried out in June, and a consideration of the factors in- 
volved shows that it is probably preferable to sample before, rather than after, 
the seasonal precipitation of litter. Although this method is very useful for 
obtaining generalized information on the average time spent by needles in 
each layer, it must be borne in mind that individual needles, and even dif- 
ferent segments of the same needle, may fluctuate from the mean in either 
direction, depending on the time of year at which they fall, the rate at which 
they are colonized by fungi and animals, and the identity of the microorgan- 
isms which bring about the various stages of colonization. 

Provided that the recent history of the stand under consideration is known, 
this method should be applicable to any reasonably undisturbed organic 
horizon in which the individual microunits of litter retain their identity during 
the greater part of the time required for decomposition, so that their loss in 
dry weight at the various stages can be measured. 

At Delamere Forest under Scots pine, the 10-year period required for the 
complete reduction of the leaf litter indicates very strong mor-forming tend- 
encies. Mor formation is not, however, a function solely of the leaf litter, 
although this is at present thought to play a dominant role in dictating the 
course of the decomposition (Handley (5)). Factors of climate and soil also 
play some part in determining the course of the breakdown, and it is certain 
that not only different species but also the same species in different locations 
will show considerable variation in their time scales. The utility of this method 
lies in its ability to provide a basis for comparison between such species and 
locations and in its capacity to provide information on the fourth dimension 
of an important biological process. Although it seems unlikely that the 
method could be very widely applied, owing to certain limitations mentioned 
above, it would appear that time scales could be obtained for sites under 
intensive long-term investigation whose foliar health record is known, and 
whose litter production may already have been determined, or could readily be 
measured. 
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CUCUMBER NECROSIS VIRUS' 
D. McKEEN 


Abstract 


Cucumber necrosis virus (CNV) has been isolated several times during the 
last 7 years from cucumbers grown under glass in southwestern Ontario. 
Cucumber is the only host known to be systemically infected by the virus. 
Although CNV exhibits many properties of viruses included in the tobacco 
necrosis (TNV) group, it is considered to be sufficiently different to warrant the 
above distinctive designation. 

CNV possesses a small thermal coefficient, a thermal inactivation point 
between FS and 80° C, and a dilution end point between 10~4 and 10~. 

During the short-day season of greenhouse production of cucumbers the 
virus causes severe foliar symptoms. Serious stunting of growth occurs and 
infected plants usually die 6 weeks to 2 months after the virus becomes systemic. 
In natural infections CNV enters by way of the roots, and subsequently may 
invade the aerial organs. Wide variability in the upward movement of the 
virus — inoculated cotyledons and roots of cucumber plants of the same age 
is noted. 

In inoculated unifoliate leaves of cowpea and French bean CNV displays a 
lower invasive capacity than TNV. With serial transfers of juice from cowpea 
leaves, inoculated initially with both viruses, TNV soon predominates. 


Introduction 


Until 1952 cucumber mosaic was the only virus known to infect greenhouse- 
grown cucumbers in southern Ontario. However, in October of that year 
an apparently new virus causing necrotic spotting of the foliage and stunting 
of the growth appeared in a crop in the greenhouse at the Harrow laboratory. 
One month later, similar symptoms were observed in a commercial greenhouse 
crop at Leamington, Ontario. In February of 1953 the virus again appeared 
in a cucumber crop near Leamington. Since its first appearance, the virus 
has recurred nearly every year in cucumbers grown at the first two sites. 
In December, 1958, the virus appeared in another series of greenhouse ranges 
near Leamington. In each outbreak the virus spread throughout the green- 
house and infected a high percentage of the plants within 6 weeks. 

Because symptoms caused by this virus in cucumber are often similar to 
those caused by tobacco ringspot virus (TRSV), the cause of the disease 
was at first thought to be a virus belonging to the TRSV group. However, 
further investigations revealed that the virus was more closely affiliated 
with the tobacco necrosis virus group. This paper is a more comprehensive 
study of some of the writer’s (13) findings reported previously. 


Literature Review 


In the early characterization studies of tobacco necrosis virus (TNV) by 
Smith and Bald (19), Smith (20, 21), and Price (15, 16) its nonsystemic 
nature in tobacco and in several other hosts was established. In natural 
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infections, in tobacco grown under glass they found the virus only in the 
roots and in the lowermost leaves. Later, Bawden (1, 3) demonstrated that 
tobacco necrosis virus was not a single entity, but that there were several 
viruses in the group, some of which were serologically unrelated. In 1949, 
Kassanis (9) found that a necrotic disease of forced tulips in England was 
caused by tobacco necrosis virus. This disease has been known to occur in 
Holland since 1928, and according to de Bruyn Ouboter and van Slogteren 
(6) was known as ‘“‘Augusta disease”. Tulip was the first host recorded in 
which TNV effected any extensive invasion of the aerial parts. Also in 1949, 
Bawden and van der Want (4) showed that stipple streak, a serious necrotic 
disease of French beans in Holland, was caused by a virus of the tobacco 
necrosis group. In beans, as in tulips, TNV was demonstrated to be a disease 
of economic importance in the field. In 1956 Quantz (17) reported the 
occurrence of stipple streak in Germany. In 1958, Brierly and Travis (5) 
suggested that the tobacco necrosis group of viruses should be broadened 
to include a soil-borne virus that they isolated from chrysanthemum and 
begonia. This virus infected tobacco systemically, and although it failed 
to infect bean and cowpea, it possessed several properties of the TNV group. 

In 1955 van Koot and van Dorst (22) reported a new virosis of the tobacco 
ringspot type occurring in glasshouse cucumbers in south Holland. Later, 
van Dorst (23) found that the virus possessed several characteristics of the 
tobacco necrosis viruses, and he suggested that the virus belonged to the 
necrosis rather than the ringspot group. 


Symptomatology 


Natural Infection 

Under greenhouse conditions the symptoms in infected cucumbers are 
severe during autumn, winter, and early spring. In contrast, during the hot 
summer months only mild and often indistinct symptoms appear. Cucumber 
plants that show severe symptoms in the spring often recover during June 
and July to such an extent that they are not readily distinguishable from 
non-infected plants. In contrast, cucumber plants that become infected 
during late August and September soon show almost complete cessation of 
growth and usually die within 2 months. 

Under conditions favoring the disease, infected cucumbers show a marked 
malformation of the leaves (Figs. 1 and 3). The foliage that develops after 
the virus has become systemic exhibits a chlorotic, upright appearance. 
The margins of the youngest leaves develop a purplish cast as the affected . 
tissues become desiccated and die. Although the setting of fruits does not 
seem to be materially affected at first, the number of marketable fruits 
produced on infected plants is greatly reduced. Fruits from infected plants 
occasionally show a conspicuous green mottling. Some cucumber varieties 
show no symptoms on the fruit. 

The early stages of systemic infection are marked by the appearance of 
chlorotic to yellowish or tan-colored areas on the infected leaf laminae. 


PLATE | 


Fics. 1-5. Symptoms caused by cucumber necrosis virus (CNV) in cucurbits. 

Fic. 1. Terminal growth of healthy cucumber plant at left and of a virus-infected plant 
at right. 

Fic. 2. Enations on lower surface of leaf from CNV-infected cucumber plant. 

Fic. 3. Systemically infected cucumber leaves showing necrotic areas and shot holes. 

Fic. 4. Necrotic lesions on muskmelon cotyledons 12 days after inoculation. 

Fic. 5. Necrotic lesions on cucumber cotyledons 5 days after inoculation. 
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Fics. 6-9. Symptoms caused by cucumber necrosis virus (CNV). Pete 

Fic. 6. Local necrotic lesions on Samsun tobacco 6 days after inoculation. Gom 

Fic. 7. Local necrotic lesions on Datura stramonium 8 days after inoculation. 

Fic. 8. Symptoms on cowpea unifoliate leaves 3 days after inoculation. Leaf on left 
infected with CNV; leaf on right infected with TNV. 

Fic. 9. Local necrotic lesions on leaves of Gomphrena globosa 12 days after inoculation. 2 
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The spots vary in diameter from 1 to 7 or 8mm. Within 2 or 3 days the pin- 
point center of the spot becomes necrotic. As the leaf grows, the necrotic 
tissue falls out leaving shot holes of varying size in the laminae (Fig. 3). 
The necrotic spots are centered on veins and usually on the smaller ones. In 
the first or second systemically invaded leaves, symptoms often appear on 
only one side of the midrib, an indication that the virus has moved in certain 
of the vascular strands to its new locus of multiplication. Enations (Fig. 2) 
in the form of flaps and funnels of dark green tissue develop on the lower 
surface of some leaves 2 to 3 weeks after the first systemic symptoms appear. 
Enations tend to parallel the veins or to encircle a shot hole. During the 
hot summer months when characteristic necrotic symptoms do not develop, 
the presence of enations may be the only readily recognizable symptom of 


infection. 
TABLE I 
Symptoms induced by CNV in non-cucurbit hosts 
Host Symptom 

Cowpea, Vigna sinensis *1. Reddish necrotic lesions with tan-colored centers on 
inoculated unifoliate leaves; lesions range up to 3.0 mm 
in diam. Abscission of heavily infected leaves usually 
within 5 days 

12. Occasionally a few reddish necrotic lesions on first 
formed trifoliate leaves. Reddish streaks may extend 
from base of inoculated, unifoliate leaves down stem 1 
or 2 cm 

Nicotiana glutinosa 1. A few grayish-white necrotic lesions 0.5 to 1 mm in 
diam. 

N. tabacum var. Samsun 1. Numerous ge discrete necrotic spots up to 4 mm 
in diam. (Fig. 6). In summer months the necrotic 
tissue frequently consists of a few narrow, broken 
concentric rings 

Snap bean, Phaseolus vulgaris 1. Blackish necrotic spots with fringelike borders because 

var. Kentucky wonder of tendency of virus to spread along veinal tissue 

Sugar beet, Beta vulgaris 1. Grayish-black necrotic spots from 1 to 2 mm in diam. 

Datura stramonium 1. Tan-colored necrotic spots 0.5 to 1.5 mm in diam. 
(Fig. 7 

Zinnia elegans 1. A few blackish necrotic spots 1 to 2.0 mm in diam, 
with ill-defined borders 

2. During the winter months the virus shows a limited 
capacity to invade systemically. Primary-like symp- 
toms appear in the youngest leaves after 2 to 4 weeks 

Sweet pea, Lathyrus odoratus 1. Grayish-white necrotic spots; leaf abscission within 
96 hours 

Tomato var. Vinequeen 1. Small tan-colored spots with ill-defined blackish 
borders 

Chenopodium hybridum 1. Grayish-white necrotic spots ranging up to 1.5 mm 
in diam. 

Soybean, Glycine max 1. Brownish necrotic spots 2-3 mm in diam. 

Petunia var. comanche 1. Blackish necrotic spots up to 3 mm in diam. 

Gomphrena globosa 1. Irregularly shaped grayish necrotic spots with reddish 


borders (Fig. 9) 


*1, Primary symptoms. 
Systemic symptoms. 
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Artificial Inoculations 

If cucumber cotyledons are inoculated mechanically by rubbing when they 
are three-quarters grown or about when the first true leaf appears, necrotic 
spots (Fig. 5) about 1 mm in diameter develop in 4 or 5 days. These necrotic 
spots enlarge slowly occasionally reaching 3 to 5 mm in diameter. Heavily 
infected cotyledons die 10 to 12 days after inoculation, and during the winter 
months grayish-colored necrotic streaks extend down the hypocotyl. Systemic 
necrosis frequently results when cucumbers are inoculated at the cotyledonary 
stage of growth. In slightly older seedlings the virus either fails to become 
systemic or does so only after a considerable period. 

When leaves of cucumber are inoculated, chlorotic lesions about 2 mm 
in diameter, with necrotic centers develop in 3 or 4 days. The lesions enlarge 
and even moderately infected leaves usually die within a fortnight. 

CNV does not become fully systemic in any other cucurbit host. It does, 
however, cause tan-colored necrotic lesions on the inoculated cotyledons of 
watermelon, muskmelon (Fig. 4), and squash. The virus usually kills the 
cotyledons of these cucurbits within 2 weeks of inoculation, and occasionally 
on the first and second true leaves a few tiny necrotic spots develop on veinal 
tissue. 

Symptoms on other hosts are summarized in Table I. 


Systemic Behavior of CNV in Cucumber 


(a) Following Inoculation of Cotyledons 

Early in this study it was observed that CNV frequently failed to become 
systemic in cucumber after inoculation of the cotyledons. To determine to 
what extent this occurred the following experiment was conducted. The 
cotyledons of 100 young cucumber plants were inoculated when the first 
and second leaves were partially developed. The inoculum consisted of 
expressed sap from infected Samsun tobacco leaves diluted 1:2 with tap water. 
The infective juice was wiped across each cotyledon three times with the 
wetted forefinger. 

In 5 to 6 days necrotic lesions ranging from 8 to 25 in number appeared 
on the inoculated cotyledons. Simultaneously, 10% of the plants showed 
curling of a portion of the lamina of either the first or the second true leaf. 
The lower surface of the curled portion of the lamina later showed transverse 
cracking of the tan-colored veinal tissue. Bio-assays of these leaves showed 
them to contain virus in the symptom-bearing portion, but not elsewhere. 
Symptoms indicative of systemic infection appeared in the young leaves at 
the stem apex from 9 to 30 days after inoculation. Cucumber plants in which 
the virus appeared in the first and second leaf soon after inoculation always 
showed complete systemic infection later. Thirty-two days after inoculation, 
only 29% of the plants had become systemically infected. The virus was 
found to behave similarly in four cucumber varieties, one of which is grown 
commercially in western Europe. No correlation was established between 
the number of lesions on the inoculated cotyledons and the incidence of 
systemic infection. 
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Other tests showed that after inoculation of the cotyledons CNV could 
remain in the hypocotyl or cotyledonary node for several weeks at a low 
concentration without manifesting its presence in the plant. By cutting 
back the stems later to the cotyledonary node, CNV was frequently induced 
to invade the new growth systemically. 


(b) Comparative Movement of CNV when Cotyledons and the Third Leaf of 
Young Plants are Inoculated 

The following tests were conducted to determine whether the inoculation 
of the true leaves of young cucumber plants would lead to systemic infection 
more readily than cotyledonary inoculation. Two similar groups, of eight 
plants each, about 12 in. tall were used. The cotyledons of one group and 
the third leaf of the other group were inoculated. 

In 4 to 6 days necrotic lesions became visible on the inoculated organs. 
By the seventeenth day, three of the eight plants inoculated in the third leaf 
showed systemic infection, but none of those inoculated in the cotyledons 
did so. 

To determine whether the virus had moved out of the inoculated organs 
without expressing itself symptomatologically, juice was expressed from equal 
amounts, by weight, of root, hypocotyl, and stem tissue of these symptomless 
plants. For bio-assay the juice was rubbed over the unifoliate leaves of 
cowpea. The virus was found to be present in the stems above the inoculated 
organs only when the plants showed evidence of systemic infection. In 
contrast, a small number of lesions developed when test juice from the roots 
of a number of symptomless cucumber was used. This was true of plants in 
which both the cotyledons and the true leaves were inoculated. Although 
the virus had passed through certain tissues of the hypocotyl in its migration 
to the roots, its presence in the hypocotyl was not always demonstrated. 
These and other confirmatory tests revealed that the virus concentration in 
root tissue following either cotyledonary or leaf inoculations remained rela- 
tively low unless systemic symptoms were present. 


(c) Movement of CNV when Leaves near the Stem Apex of Older Plants were 
Inoculated 

Ten cucumber plants approaching the fruit-bearing stage and about 5 ft 
in height were inoculated through a partially developed leaf near the stem apex. 
Primary lesions became evident on the inoculated leaves in 3 or 4 days. On 
the sixth day after inoculation systemic symptoms developed in 5 of the 
10 plants. By the tenth day, the remainder were systemically infected. At 
the latter time the virus was found to be present at a high concentration in 
the roots of the 10 plants. The ease with which mature plants became 
systemically infected in this experiment tended to support the observation 
that the virus was readily transmitted in commercial crops that are pruned 
and handled frequently. 


| 


918 ‘CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


(d) Distribution and Concentration of CNV in Older Cucumber Plants 

From the above experiments, it was apparent that the virus migrated 
more readily toward the roots than upward in young plants. In mature 
plants the virus was found in the roots soon after it moved out of the inoculated 
leaves at the stem apex. To learn more about the distribution and concen- 
tration of CNV in older plants, the following experiment was conducted. 
Eighty-four cucumber plants 10 in. high were inoculated by way of cotyledons. 
Seven days later they were transplanted into a ground bed in which the soil 
had been sterilized by steam a few days previously. Systemic symptoms 
developed in some of these plants at varying intervals after inoculation. 
By the twelfth week, less than 30% had developed systemic symptoms. Over 
a 2-month period, roots, hypocotyl, and stem segments of nine plants were 
bio-assayed. For these analyses, the undiluted juice expressed from the 
respective tissues was bio-assayed on cowpea in a standardized manner. 


TABLE II 


Bio-assay of concentrations of CNV levels in tissue extracts of cucumber plants at 
different intervals following cotyledonary inoculation 


No.* of lesions on cowpea after inoculation with undiluted 
tissue extracts from: 


Stem internodes 


Incubation 

period, 1st and 8thand 20th to Stem 

weeks Systemic symptoms Root Hypocotyl 2nd 9th 26th apex 
5 In terminal stem growth 196.0 11.0 0.0 0.0 0.4 20.4 
5 In terminal stem growth 2.8 0.4 1.04 — _ 8 
6 None 0.24 28.0 0.0 0.0 0.0 0.0 
6 In terminal stem growth 7.0 5.8 0.8 0.0 — 4.0 
6 In terminal stem growth 82.0 9.5 22 0.09 0.09 20.3 
6 None 0.2 2.0 0.0 0.0 — —_ 
6 In terminal stem growth 18.5 0.05 — — _- 0.5 
8 In terminal stem growth 0.2 0.0 0.0 — — 0.1 
12 In terminal stem growth 1.1 0.4 1.8 = 0.09 0.3 


*Represents the average number of lesions from 24 inoculated leaves. 


A summary of the results of this experiment in Table II shows that the 
virus was found consistently in the roots of all the assayed plants. The 
concentration of the virus at the different locations in individual cucumber 
plants was variable. Although the virus existed in demonstrable amounts in 
terminal stem growth, in the hypocotyl, and in the roots of several plants, its 
presence in intervening stem internodes was often not revealed. In general, 
root tissues showed the highest virus concentrations when systemic invasion 
had occurred. Since the time at which systemic invasion occurred was not 
recorded for all the assayed plants, the relationship between virus level and 
time of infection could not be established. However, since the two plants 
assayed at 8 and 12 weeks, respectively, became systemically infected 7 weeks 
earlier, the low concentrations of virus recorded might presumably be indi- 
cative of virus behavior in plants that had been infected for a long time. 
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(e) Comparative Virus Concentrations in Root and in Apical Stem Tissues 
soon after Systemic Infection 

Two groups of cucumber plants were inoculated with CNV near the stem 
apex; one group at the 15-in. stage and the other at the 3- to 4-ft stage of 
growth. After inoculation the shorter plants were incubated at a constant 
temperature of 70° F under artificial illumination for a 15-hour day. The 
larger plants were allowed to grow in 8-in. pots on a glasshouse bench. On 
the eighth day after systemic infection became apparent, bio-assays of virus 
concentrations in terminal stem growth and in root tissues of two plants from 
each group were made. 


TABLE III 


Bio-assay of level of CNV in root and terminal stem tissue 
of cucumbers 8 days after systemic invasion 


No.* of lesions produced from 
sap expressed from: 


Place of incubation Root Stem apex 
Greenhouse 54 23.6 
290 34 
Growth room 152 50 
126 16 


*Average number of lesions from 16 inoculated unifoliate cowpea leaves. 


The results presented in Table III confirm certain afore-mentioned findings 
that when the virus was found in the terminal stem organs it was also present 
in the roots. Moreover, the concentration in root tissue was from three to 
eight times greater than that in stem and leaf. 

That the stem and leaves of cucumber contained an inhibitive substance 
which prevented a true expression of the virus level seemed possible. Con- 
sequently, exploratory tests were conducted to determine whether the findings 
could be explained on such a basis. Separate aliquots of juice expressed 
from Samsun tobacco leaves infected with CNV were “adulterated’”’ with 
equal amounts of juice from the stem, leaves, and roots of healthy cucumber 
plants. The ‘adulterated’ infective juice was incubated for 10 minutes at 
room temperature before cowpea leaves were inoculated. Bio-assays dis- 
closed that juice from stems and leaves exerted no effect discernibly different 
from that of roots on the infectivity of CNV inoculum. 


(f) Root Infection of Cucumber 

Since circumstantial evidence indicated that soil-borne inoculum was 
responsible for CNV infections in successive cucumber crops in the laboratory 
greenhouse groundbed and also in a commercial greenhouse, it seemed impor- 
tant to study how readily cucumbers might become infected through root 
inoculation, and also to determine the extent and rapidity of upward move- 
ment of the virus in the plant. Accordingly, 16 cucumber plants growing in 
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2-in. pots were inoculated in the following manner. By tapping the inverted 
pot lightly the mold of soil was removed exposing the roots at the periphery 
of the mold. The roots were dusted lightly with carborundum and inoculated 
by light rubbing. The plants were then transferred to 4-in. pots of steamed 
soil and returned to the greenhouse bench. 

At the end of 14 days there were no virus symptoms in the aboveground 
organs of these 16 plants. Nonetheless, bio-assays of juice expressed from 
the roots of 2 plants showed them to contain virus at relatively low levels. 
At 4 weeks after inoculation CNV had systemically infected 3 of the 14 
remaining plants, and by the seventh week the number had increased to 5. 
At the end of 7 weeks bio-assays indicated the presence of the virus in the 
roots of 4 symptomless plants. In the ninth week after inoculation another 
plant became systemically infected. These results show that root inoculations 
with CNV can lead to invasion of the aboveground organs and that migration 
of the virus from the roots may not occur for several weeks after they have 
become infected. 

It was reported by Smith (21) and Price (15) that tobacco necrosis virus, 
when present in the soil in small quantities, is able to infect the roots of healthy 
tobacco plants. They showed that infection resulted when a solution of the 
virus was poured over the soil in which tobacco was growing. A similar 
experiment was undertaken to determine the extent of root infection with 
CNV. Twenty-four young cucumber seedlings in 3-in. pots were divided 
into two groups of 15 and 9 each. Ten milliliters of an aqueous virus solution 
(10— dilution) were poured on the soil of each pot of the group of 15. No 
virus was added to the soil in the control group of 9 plants. The pots were 
kept on the greenhouse bench after inoculation. At the end of 2 weeks symp- 
toms of CNV had appeared in the new growth of 2 of the 15 plants. Bio- 
assays of the roots of 5 other plants, after thorough washing of their external 
surfaces in tap water, revealed the presence of CNV in one of them. 

In another experiment infected cucumber roots were chopped up and 10 g 
of dried root fragments were added to each of forty-eight 10-in. pots of 
compost soil. No inoculum was added to the soil in another 18 pots. A 
small cucumber plant 5 in. high was transplanted into each pot. When the 
plants were from 2 to 3 ft in height 6 of the 48 plants growing in the infested 
soil developed virus symptoms in the new growth. None of those in the 
noninfested soil became infected. The cucumber plants were allowed to 
grow in these soils for 2 months during which time extreme care was taken to 
prevent virus transmission from plant to plant or from any extraneous source. 
At the end of the experiment the disease incidence remained unchanged. 


Other Properties of CNV 


Dilution End Point 

Although CNV becomes fully systemic in cucumber, it does not reach a 
high concentration in systemically infected leaves. The virus concentration 
in systemically infected leaves is much lower than that in inoculated cucumber 
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leaves bearing numerous necrotic lesions. Moreover, a significantly larger 
amount of virus per gram of inoculated leaf was found in cowpea and in 
Samsun tobacco than in cucumber. By using the inoculated leaves of Samsun 
tobacco as the source of inoculum and the unifoliate leaves of cowpea as the 
test host, with distilled water as the diluting factor, the dilution end point of 
CNV was found to rest between 1/10,000 and 1/100,000. 


Resistance to Aging 

Juice expressed from leaves of Samsun tobacco heavily infected with 
CNV was filtered through cheesecloth and centrifuged to remove extraneous 
material. The supernatant was divided into two equal quantities and stored 
respectively at 2° and 22°C. The infectivity of aliquots of each after periods 
of aging are shown in Table IV. 


TABLE IV 


Longevity of CNV in expressed Samsun tobacco juice at 
two temperatures 


Average no. of lesions produced in cowpea 
leaves from juice held at: 


Aging in days 
0 400 400 
t 380 350 
4 290 220 
6 190 120 
12 154 58 
18 30 10 
28 22 9 


In aging, the infectivity of the virus was lost more rapidly at 22° C than 
at 2° C. However, CNV was found to show considerable infectivity after 
aging in expressed sap for 28 days at both temperatures. In desiccated leaf 
material, by McKinney’s dry chemical method of virus preservation (14), 
it has shown a considerable degree of infectivity after 15 months. 


Thermal Inactivation 

Raw juice from the inoculated leaves of Samsun tobacco was filtered 
through cheesecloth and then aliquots were exposed for 10-minute intervals to 
temperatures between 50 and 85° at 5- to 10-degree intervals. Similar tests 
were conducted with juice expressed from stem and leaf tissue of cucumber 
taken near the growing point soon after systemic infection by CNV. Tests of 
survival were made by inoculating cowpea leaves. The virus was found to 
have a small thermal coefficient, its infectivity being progressively and 
substantially reduced by 10-minute exposures at temperatures from 50° to 
75°C (Table V). CNV did not survive a 10-minute exposure at 80° C. 
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TABLE V 


Thermal inactivation of CNV 


Infectivity* of CNV extracts after exposure for 
10-minute periods of temperature at: 


Source Nonheated 

of extract control 50 60 65 70 75 80 85 
Samsun tobacco 267 150 110 25 7.1 0.5 0.0 0.0 
Samsun tobacco 213 95 35 22.3 3.6 0.0 0.0 0.0 
Cucumber 53.0 29.9 8.0 4.0 0.1 0.0 0.0 0.0 


*Average number of lesions on the inoculated unifoliate leaves of cowpea. 


Transmission 

Several attempts to transmit this virus from cucumber to cucumber and 
from cucumber to tobacco by the melon aphid (A phis gossypii Glov.) were 
unsuccessful. Also, tests attempting to demonstrate that the virus might be 
seed-borne yielded negative results. 


Similarities and Differences between CNV and TNV 


Symptomatology and Invasive Capacity 

During this investigation viruses displaying characteristics of TNV, as 
described by Smith (20), Price (15, 16), Bawden (2), and Fulton (8), were 
isolated from time to time from the roots of cucumbers and muskmelons 
growing in compost soils under glass at the laboratory. These viruses possessed 
small coefficients of thermal inactivation and were inactivated at temperatures 
between 85° and 90° C. 

Except on cowpea, French bean, and cucumber, these viruses were not 
readily distinguishable symptomatologically from CNV. On the inoculated 
unifoliate leaves of cowpea TNV isolates produced larger lesions and a more 
extensive reddening with necrosis of veinal tissue than did CNV. TNV 
isolates also caused longer, reddish necrotic streaks on the stems of cowpeas 
below the inoculated leaves than did CNV. When these two viruses were 
inoculated simultaneously into cowpea leaves and serial transfers made 
periodically, TNV soon predominated. After three transfers CNV was 
usually lost. On French bean the lesions caused by TNV exhibited a greater 
tendency to radiate along the veins than did those of CNV. On the inoculated 
cotyledons of cucumber TNV produced larger lesions than CNV, but on 
inoculated leaves of cucumber the symptoms were indistinguishable. Although 
TNV was never found to move out of the inoculated true leaves of cucumber, 
it frequently did move out of the inoculated cotyledons of cucumber, squash, 
watermelon, and muskmelon down through hypocotyl tissue and occasionally 
into the roots of these plants. Upward movement into the first or second 
leaves of young plants rarely occurred. One TNV isolate from muskmelon 
roots moved more readily from the inoculated cotyledons down into the 
roots in muskmelon than in other cucurbits. 
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Cross Protection Tests 

Further evidence of the distinctive nature of CNV was afforded by cross 
protection tests. Young cucumber plants systemically infected with CNV 
were inoculated with TNV on leaves near the stem apex. Because of the 
almost complete localization of TNV it was not possible to make reciprocal 
tests on leaves. However, since TNV was capable of invading root tissue of 
cucumber to a considerable extent, the test was applied at this locus. Roots 
of young cucumber plants were inoculated with TNV, and after infection of 
the roots was demonstrated, a challenge inoculation with CNV was made. 

Cucumber plants that were systemically infected by CNV developed large 
numbers of necrotic lesions when leaves were inoculated with TNV. Similarly, 
roots of plants infected with TNV supported multiplication of CNV when it 
was introduced later as a challenge virus, since CNV invaded the above- 
ground organs of some of these plants. 


Serological Tests 

For serological preparations cucumber necrosis and tobacco necrosis viruses 
were multiplied in Nicotiana tabacum var. Harrow Velvet. Satisfactory 
antisera were prepared for both. The antiserum of CNV reacted with its 
own antigen but not with the TNV antigen. Correspondingly, the TNV 
antiserum reacted with its own antigen but not with that of CNV. Another 
virus obtained from Dr. Philip Brierley and considered to belong to the 
TNV group (5) was included in these tests. Antigens of this virus failed to 
react with antisera of either of the other two viruses. 


Discussion 


A significant point for discussion arising from these studies is the question 
of the name to be assigned to the virus that becomes systemic in cucumber. 
Many of its properties leave little doubt as to its relationship to the established 
tobacco necrosis virus group. It also seems logical to assume that it evolved 
from TNV in association with cucumbers grown under glass. However, 
the failure to demonstrate by means of serological and protective mechanisms 
a relationship between this virus and a typical member of the tobacco necrosis 
group does not allow the conventional usage of the term strain. Consequently, 
to avoid confusion in the literature it would seem advisable at the present 
time to refer to it as cucumber necrosis virus, as suggested earlier by van 
Dorst (23). 

Although tobacco necrosis viruses are now known to occur in several 
countries of the world and to infect the roots of several different plant species, 
and although there is reason to believe that their existence is more widespread 
than presently known, to date they have not constituted as serious an economic 
threat as certain other widespread viruses. Some reasons may be offered 
to explain this situation. First, despite the existence of a number of variants 
of TNV, so far these viruses have not proved capable of infecting systemically 
more than five or six plant species. Root invasion of numerous other hosts 
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does not lead to recognizable disease symptoms. Second, apart from the 
occurrence of stipple streak of beans and a necrotic disease of tulip in the 
field, tobacco necrosis viruses are predominantly found affecting crops grown 
under forced conditions under glass. Moreover, the findings of van Dorst 
and the writer with respect to CNV agree with those reported earlier by 
Bawden (3) in that these viruses are incapable of causing significant disease 
in the long-day season. Failure to induce disease under these conditions 
would undoubtedly prevent these viruses from expressing themselves in 
field-grown crops in many geographical areas of the world. Kassanis (10) 
showed that high temperature, as a postinoculation treatment, would com- 
pletely inhibit infection by tobacco necrosis virus. Because of these inherent 
characteristics, unless further mutations occur in these viruses, they would 
be expected to be found in glasshouses or in field-grown crops that develop 
either early or late in the growing season, or in areas that do not experience 
high temperatures during the growing season. 

The factors that induce upward movement of CNV into the aerial organs 
of cucumber are not presently understood. In commercial greenhouse 
cucumber crops in Ontario it has been established that first infections originate 
from root invasion. Subsequently, CNV invades the aerial organs of some 
of these plants, and occasionally only after a time lapse of several weeks. The 
conclusion seems inescapable that the virus enters the vascular tissue following 
inoculation of either roots or cotyledons and moves to sites of multiplication 
in the leaves more quickly in some plants than in others. In the necrotic 
disease of tulips, caused by tobacco necrosis virus Mather (12) was unable to 
find evidence of disease in the current season’s growth when healthy tulip 
bulbs were planted in infested soil. However, there was other evidence to 
indicate that the disease was perpetuated by infected stock. Kassanis (11) 
found that tulips do not usually exhibit disease symptoms until the season 
following the one in which they acquire the virus. The erratic movement of 
cucumber necrosis virus from the roots to aerial organs of infected plants is, 
however, not exclusively a characteristic of tobacco necrosis viruses for some- 
what similar observations have been made by Fulton (8) and Roberts (18) 
for viruses that are not normally regarded as root invaders. 
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A ROOT AND STALK ROT OF SOYBEANS CAUSED BY 
PHYTOPHTHORA MEGASPERMA DRECHSLER VAR. 
SOJAE VAR. NOV.! 


A. A. HILDEBRAND 


Abstract 


Since 1954, a destructive root and stalk rot of soybeans, identical with one 
reported from several of the soybean-growing areas in the United States, has 
been prevalent in southwestern Ontario. It is proposed that Phytophthora 
megasperma Drechsler var. sojae nov. var. replace P. cactorum (Lib. and Cohn) 
Schroet., and P. sojae Kaufmann and Gerdemann, as the more correct taxo- 
nomic designation of the causal fungus. P. megasperma var. sojae comprises 
strains which though indistinguishable morphologically, differ physiologically 
and pathologically. Artificial inoculation of varieties and of breeding lines and 
selections of soybeans with the causal fungus, chiefly by the highly reliable 
toothpick method, indicated two well-defined types of disease reaction, resis- 
tance and susceptibility. Harosoy, the variety which currently is grown most 
extensively in Ontario, is highly susceptible to the disease. Pathogenicity trials 
involving many possible wild and cultivated hosts emphasized the marked 
specificity of P. megasperma var. sojae to Glycine max L. Merrill. The soybean 
Phytophthora, having been called P. cactorum and thereby associated nomen- 
claturally with a representative of that species causing a root rot of sweet clover 
in Ontario, was found to be quite different from the sweet clover pathogen. 


Introduction 


On July 4, 1954, the writer was summoned to view a field of soybeans 
in which the stand was strikingly reduced by a wilting and dying of plants that 
apparently had been continuous since the early seedling stage. Numerous 
gaps in the rows indicated also that seedlings had failed to emerge. In ensuing 
weeks reports of similar situations, and an unprecedented number of diseased 
specimens, were received from all over the soybean-growing area of south- 
western Ontario. From the additional evidence of surveys, it was obvious 
not only that a new stalk and root disease of soybeans was widely 
prevalent but also that the newly introduced variety, Harosoy, was 
most seriously implicated. On August 9, 1954, opportunity was afforded of 
visiting Ohio where a destructive root rot of soybeans of undetermined origin 
had been causing concern since 1951. In an area in the northwestern part of 
the state, a situation closely similar to that encountered in Ontario but more 
devastating in its effect was observed. 

In 1954 it was impossible to undertake more than a series of isolations 
from representative specimens of diseased plants. In 1955 the author was 
absent from the laboratory for most of the summer, and it was not until early 
in 1956 that an intensive investigation of the disease was begun. This paper 
describes the scope and conduct of the studies and presents the results obtained. 

1Manuscript received May 4, 1959. 


Contribution No. 1 from the Research Station, Research Branch, Canada ['2partment of 
Agriculture, Harrow, Ontario. 
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Literature Review 


Suhovecky (27), in Ohio in 1955, was the first to report a Phytophthora 
species as pathogenic to soybeans and capable of destroying the host at all 
stages in its development. He found that varieties of soybeans differed con- 
siderably in their susceptibility to the pathogen and that certain other agri- 
cultural crops were immune from its attack. He noted certain morphological 
characteristics of the pathogen but did not identify it beyond the genus. 
Subsequently Suhovecky and Schmitthenner (28) published information 
mostly supplementary to Suhovecky’s findings. Also, in 1955, Skotland (25) 
reported that a damping-off disease caused by a species of Phytophthora 
resembling P. cactorum (Leb. & Cohn) Schroet. was prevalent in some fields 
of the Ogden variety of soybeans in North Carolina. In 1957, Herr (10) 
intimated that Phytophthora cactorum had been identified as the incitant of 
the root rot of soybeans in Ohio. His greenhouse studies showed that age of 
the host, and concentration of inoculum, were among factors affecting the 
incidence and severity of the disease. In 1957, Bernard et al. (4), using an 
Illinois isolate of Phytophthora as the test pathogen, demonstrated the resis- 
tance of a number of soybean varieties and adduced evidence that resistance 
is controlled by a single dominant gene. Those authors mentioned that the 
disease had been found in four states, Illinois, Ohio, Indiana, and Missouri. 
In brief in 1957 (16), and i extenso in 1958 (17), Kaufmann and Gerdemann 
published results of their studies of the disease in Illinois. Of significance are 
their comparison of inoculation techniques, their host range studies, and their 
naming of a new species of Phytophthora, namely, P. sojae, as the causal 
organism of the disease. In 1958, Schmitthenner (24) alluded to the mounting 
menace of the disease in Ohio and indicated how yield losses may be estimated 
on the basis of the number of plants killed. 


The Disease 


General Observations 

The Phytophthora disease is unique among the parasitic diseases of the soy- 
bean in that it can destroy the host at any stage in its development. In 
affected fields gaps in rows indicate either direct destruction of seed or pre- 
emergence damping-off of very young seedlings. |Postemergence damping-off 
accounts for additional loss of seedlings, and later, plants continue to wilt 
and die until the end of the growing season. Mature plants with their full 
complement of pods have been jound dying as late as September 23. 

The disease has been oc!)served on soils of various types but definitely has 
been more severe on tic ueavier (Clyde and Brookston clays) than on the 
lighter types. In 1958, the disease was less severe than in 1956 and 1957. 
In the two latter years, as the result of unusually heavy precipitation, much 
of the soybean acreage in southwestern Ontario was subjected to excessive 
flooding and waterlogging during the first half of the growing season. In 
most soybean stands inspected during the past 3 years, the disease was usually 
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worse in low areas but this was not invariably the case. In 1956, the disease 
had subsided in severity by the end of July. In 1957, a similar subsidence was 
noted but not until after August 15. 


Symptoms 

When seedlings are attacked, they wilt, die, and remain standing in the rows, 
their dead leaves soon becoming encrusted with splashings from the soil. 
Infected older plants first show a yellowing of the lowermost leaves. Then, 
next higher leaves begin to show the yellowing, and wilting soon follows. 
After the plant dies, the leaves are retained for a long period of time. Almost 
invariably accompanying these foliar symptoms is the development on the 
stem of a lesion which first appearing at or near the ground level, progresses 
upwards for varying distances and sometimes spreads into the lower side 
branches. The surface of the lesion is finally tan or brown in color. Internally, 
the discoloration extends through the cortex to the vascular tissues which 
may also be involved. Discoloration of internal tissues, particularly that of 
the cortex, may extend above the visual margin of the lesion. By the time a 
plant dies, the root system with the exception of the main tap root has been 
almost completely destroyed. 

Diseased plants may occur singly in a row or a varying number may succumb 
en masse. It is not unusual to observe an apparently healthy plant surviving 
amid a group of dead plants. Killing of plants may tend to be concentrated 
in certain areas in some fields and in others scattered at random over the whole 
field. Especially where there has been flooding and waterlogging of the soil, 
plants may be stunted and obviously unthrifty in appearance. Externally, 
such plants may show no other evidence of abnormality, but when cortical 
tissues near the base are exposed, a brownish discoloration indicative of in- 
fection by Phytophthora is disclosed. Schmitthenner (24) has recently made 
reference to this hidden damage and loss of yield associated with it. 

In June and July, 1958, a distinction had to be made in a number of fields 
between Pythium-infected and Phytophthora-infected soybean plants. The 
Pythium sp. involved, which was also destructive to wax beans, seemed to 
affect soybeans differently from Pythium ultimum Trow which was reported 
to be pathogenic to the soybean by Hildebrand and Koch (14) in 1952. The 
Pythium sp. encountered in 1958, like the Phytophthora sp., produced lesions 
on the stems of affected plants but unlike the Phytophthora sp. left their roots 
virtually intact. There were differences also between the lesions on the stems 
caused by the two organisms. However, despite these apparent differences, 
it was found advisable to depend on isolations for precise differentiation 
between the two diseases. 


Economic Importance 

It is difficult to appraise even approximately the losses clearly attributable 
to the Phytophthora disease in Ontario. A complicating factor, for instance, 
is the superimposition of reductions in yield associated with a deficiency or 
non-availability of manganese in the soils especially of Essex County. But 
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in the aggregate losses caused by the Phytophthora disease since 1954 must have 
been considerable. In the spring of 1956 destruction of seedlings was wide- 
spread and severe. In one typical instance almost half of a 75-acre stand was 
entirely destroyed. In mid-August, 1957, 43 fields selected at random in 
Essex County were surveyed for incidence of the disease. Of the 43 fields, 
36 were planted to the variety Harosoy. In 21 of the latter the presence and 
effect of the disease were clearly evidenced by the dying and debilitation of 
plants. In 5 of the 21 affected fields, the disease was especially serious. Plants 
were killed en masse, some of the devastated areas being up to 2 acres in ex- 
tent. Loss of yield in each of these fields was estimated at 25%. If such losses 
may be projected, even conservatively, on a total acreage basis, they point 
to curtailment of yield of considerable economic importance. 


Isolations 


The isolation of certain species of Phytophthora either has been difficult (1) 
or has necessitated a more or less complicated technique (2, 21). In contrast, 
the isolation of the pathogen causing the disease of soybeans under consider- 
ation has presented no special problem. Isolations were attempted only from 
plants which showed the characteristic stem lesion. From such specimens, 
leaves, spurs, and branches were removed. The denuded stalks were brushed 
clean under running water and then dried with a paper towel. Under a 
dissecting microscope, a strip of epidermis about one cm long was peeled 
from the stem above the visible upper extremity of the lesion. Usually 
the exposed cortical tissue showed brownish streaks. With a sharp-pointed 
scalpel minute particles of the discolored tissue were excised and transferred 
to Difco corn-meal agar (CMA) in Petri plates. 

The above procedure has made it easily possible during the past 3 years 
to obtain at will isolates of the soybean Phytophthora from plants differing 
as to age, source, and variety. In a surprisingly high proportion of cases, the 
pathogen has developed from the stem-tissue plantings free from either bacteria 
or other fungi. The latter have mostly comprised representatives of the genus 
Fusarium, certain isolates of which and all isolates of Phytophthora intended 
for future use were purified by either the monospore (Fusarium) or the hyphal 
tip (Phytophthora) method. 


Pathogenicity Trials 

Greenhouse Tests 

(a) Stem Inoculations by Toothpick Method 

The first Phytophthora isolate to be tested pathologically was obtained from 
a diseased seedling on July 4, 1956. With this isolate, hereinafter designated 
Ontario 4-7-56, twelve 18-day-old, greenhouse-grown Harosoy plants were 
inoculated by the toothpick method described by the author (11) in 1953. 
Collapse of the inoculated plants began on the third day and by the sixth day 
they were all dead. The fungus was readily recovered from inoculated plants. 
Check plants “inoculated” with sterile toothpick tips remained unaffected. 
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Since large-scale testing and comparing of isolates was anticipated, it was 
imperative that methods be simplified and standardized as much as possible. 
After considerable testing, the following procedure was evolved and used with 
success in many of the trials that are described below. Forty soybean seeds, 
selected for health and then treated with spergon, were planted in two rows, 
20 seeds per row, in a greenhouse flat (24124 in.), the rows being 4 in. 
apart. After about two weeks, the plants in one row were inoculated, those in 
the second row being treated as checks. The inoculum consisted of CMA 
plate cultures of the test organism, which had been incubated for 12 days at 
15+1°C. In the inoculation process, small wefts of mycelium were picked 
from the surface of the colony on the tips of sterilized quill-type toothpicks, 
the tips being then inserted into puncture wounds in the stem, made with a 
sharp awl, just below the cotyledons. The toothpick tips were truncated 
flush with the stem, and the wound was covered with vaseline. Future mention 
in this paper of toothpick inoculation refers to the method just described. 
The preparation of inoculum in plates rather than in vials, as formerly des- 
cribed (11), speeded the technique. When necessary, plants were grown under 
artificial light. 

During the past 3 years the above method was used in an extensive series 
of pathogenicity trials involving the following organisms: 

(a) Ten isolates of Fusarium and over 60 isolates of Phytophthora obtained 
by the writer from soybeans in Ontario. 

(6) Four isolates of Phytophthora obtained by the writer from diseased 
roots of sweet clover in Ontario. 

(c) An isolate of the Phytophthora regarded by workers in Ohio as the 
cause of root rot of soybeans in that state. Received, Oct. 19, 1956, from Dr. 
A. F. Schmitthenner. 

(d) Two isolates of the Phytophthora regarded by workers in Illinois as the 
cause of root and stem rot of soybeans in that state. The first received, 
Nov. 1, 1957, the second, Mar. 10, 1958, from Dr. J. W. Gerdemann, Dept. 
of Plant Path., Univ. Coll. of Agr., Urbana, III. 

(e) Species of Phytophthora as follows: 

P. cactorum from apple, supplied by Dr. D. L. McIntosh, Plant Path. Lab., 
Summerland, B.C. (hereinafter referred to as the apple isolate). 

P. cactorum and P. syringae (host unknown) supplied by American Type 
Culture Collection, Washington, D.C. (hereinafter referred to as the Wash- 
ington isolate of each of these two species). 

P. cryptogea (host unknown), P. drechsleri from safflower, and P. mega- 
sperma from wallflower, supplied by P. J. Salisbury, Forest Biology Div., 
Canada Dept. of Agr., Victoria, B.C. 

P. phaseoli from lima bean, supplied by Dr. D. F. Crossan, Dept. of Plant 
Path., Univ. of Del. Agr. Exp. Sta., Newark, Del. 

Of the above, only the Ontario soybean Phytophthora isolates and those 
from Ohio and Illinois were pathogenic to the test plants. The Ontario 
isolates were markedly more virulent than either the Ohio or the Illinois 
pathogens. 
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In the above tests the Ontario isolates were all apparently equally highly 
pathogenic. In preparing them as inoculum on CMA plates, no readily dis- 
cernible morphological differences were noted. Because of their apparent 
close similarity they were not studied further as a group. However, two of 
them were selected for detailed study. One was the isolate designated Ontario 
4-7-56 which, as mentioned above, was isolated from a seedling early in the 
season; the other, designated Ontario 23-9-56, was obtained from a mature 
plant almost at the end of the season. These two isolates, regarded as typical 
of the Ontario soybean Phytophthora, were compared pathologically, morpho- 
logically, and to a limited extent physiologically, not only with one another 
but also with the Ohio and the Illinois soybean pathogens, and with the 
several species of the genus listed above. The results are elaborated in later 
sections. 


(b) Root Inoculation by Mycelium Suspension 

In nature, the fungus apparently enters the plant through the roots, spreads 
thence into the stem, and on it produces the characteristic tan-colored lesion. 
That probable sequence of infection invited verification. Accordingly, the 
following experiment was carried out. On Feb. 5, 1957, healthy soybean seeds, 
variety Harosoy, after being treated with spergon, were germinated aseptically. 
On Feb. 7, seeds with a radicle about one inch long were embedded to a depth 
of 3/4 in. in glass beads retained in 5-in. glass funnels with long stems, the 
latter being fitted with a short length of rubber tubing and clamp. To each 
funnel was added nutrient solution (CaNO ; 1 g, MgSO; .25 g, KH2PO, .25 g, 
KNO; .25 g, and FeCl;.6H2O trace, dissolved in 1000 ml distilled water and 
autoclaved) in quantity just sufficient to cover the seeds. After 24 hours the 
nutrient solution was drained off and the beads were flushed with sterile water. 
That procedure was repeated daily until Feb. 11. On that date, the nutrient 
solution was replaced with inoculum in the form of a suspension of mycelium 
obtained by comminuting for 3 seconds in a Waring blendor, a shake culture of 
Ontario 4-7-56, incubated for 6 days at room temperature in a soybean 
decoction. The latter was prepared by soaking 10 soybean seeds in 50 ml of 
tap water for 24 hours, and autoclaving. The inoculum was introduced 
through a glass tube which was pushed down into the beads. The level of the 
mycelial suspension was never allowed to rise higher than the upper limit of 
root proliferation on the young plants. After 48 hours, the inoculum-bearing 
concoction was drained off, the beads were flushed, and the 24-hour nutrient 
solution — flushing routine was resumed for 16 days. 

In the above experiment which was carried out under artificial lights, 
14 funnels were set up as described, and four plants were grown in each. 
Inoculum was added to seven of the funnels, and sterile decoction to the other 
seven which served as checks. All 28 plants to the roots of which inoculum 
was applied became infected, and most of them developed the symptom- 
picture which had been observed on diseased plants in the field. The difference 
between inoculated and check plants, 16 days after the inoculum was applied, 
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is clearly shown in Fig. 1. Ontario 4-7-56 was readily recovered from stems 
of affected plants. The results are interpreted as indicating decisively that 
infection can take place through the roots. It should be pointed out that 
before the end of the experiment, bacteria appeared in all the funnels despite 
the periodic flushings. However, since the roots of the check plants remained 
healthy, the presence of the bacteria was regarded as not being of significance 
especially from the standpoint of primary pathogenesis. 


(c) Seedling Infection by Soil Infestation 

On Oct. 24, 1957, 50 ml of distilled water and 10 soybean seeds were added 
to each of seventy 125-ml Erlenmeyer flasks. The flasks were autoclaved 
and half of them were inoculated with Ontario 4-7-56. After incubation 
for 6 days, the contents of the inoculated flasks (minus the seeds) together 
with sufficient sterilized distilled water to bring the volume up to 3200 ml 
were comminuted in a Waring blendor for 5 seconds. To each of sixteen 8-in. 
clay pots, eight of which contained steamed composted soil, the other eight 
non-steamed soil of the same lot, 200 ml of the mycelial suspension was added. 
In one half of the pots, four with steamed and four with unsteamed soil, 
healthy seeds of the variety Harosoy were planted, 20 seeds per pot. Seeds of 
the variety Monroe were planted correspondingly in the other eight pots. 
For checks the 16-pot set-up just described was duplicated except that soybean 
decoction instead of mycelial suspension was added to the soil prior to the 
planting of the seed. Every day each pot received 200 ml of sterile water. 
Twelve days after the inoculum had been added to the soil, the results were 
evaluated on the basis of surviving seedlings. They are summarized in Table I. 


TABLE I 


Survival of seedlings of two varieties of soybeans in Phytophthora-infested and non-infested 
steamed and non-steamed soils 


Healthy seedlings, % survival 


Harosoy Monroe 
Non- Non- 
Steamed soil steamed soil Steamed soil steamed soil 
Inoc. Non-inoc. Inoc. Non-inoc. Inoc. Non-inoc. Inoc. Non-inoc. 
0 96.2 75.0 91.3 13.7 97.5 87.5 97.5 


Table I reveals three main points of interest, namely, that (@) in non- 
inoculated soil whether steamed or not, final stand of seedlings of both varieties 
exceeded 90%, (6) in inoculated steamed soil the fungus was extremely 
pathogenic to seedlings of both varieties (Figs. 2 and 3), and (c) in inoculated, 
non-steamed soil, the pathogenicity of the fungus was inhibited toa surprisingly 
high degree (Figs. 2 and 3). 
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(d) Comparison of Virulence of Old and New Isolates 

In July 1958, a new isolate of the soybean Phytophthora was obtained 
from a typically diseased plant. In a routine, greenhouse test, 14-day-old 
Harosoy seedlings were inoculated with the new isolate and with Ontario 
4-7-56, which, obtained 2 years earlier, had meanwhile been maintained on 
CMA at 15+1°C. All seedlings inoculated with each isolate died within 
6 days. Thus, after 2 years in artificial culture, 4-7-56 had lost none of its 
virulence. Morphologically, no difference between the 2-year-old subculture 
and its original or “‘wild-type”’ parent had taken place. The temperature of 
15+1°C seemed to be a most favorable one for the maintenance without 
apparent change of the considerable number of representatives of the genus 
involved in these studies. 


Outdoor Tests 

In 1956, the author (12) showed that soybeans which at midstage in their 
development were highly susceptible to Diaporthe phaseolorum var. caulivora, 
the stem canker organism, became progressively less so as they approached 
maturity. That circumstance suggested the advisability of investigating the 
possibility of a similar phenomenon in the case of the stalk- and root-rot 
Phytophthora. Consequently, for three successive seasons, infection experi- 
ments involving the variety Harosoy and employing procedures and techniques 
as closely similar as possible were repeated in the same location in the outdoor 
experimental plots. Each year an excess of seed was planted, and after 3 
weeks, seedlings were thinned to a 3-in. spacing in the rows. Later, plants 
of equa! size were selected in pairs. One component of each pair was inoculated 
at a point on the stem between 2 and 3 in. above the ground level. The 
second plant of the pair served as check. Inoculation was by the toothpick 
method and the source of inoculum was always a 12-day-old CMA plate 
culture of Ontario 4-7-56. Each year, as indicated in Table II, plants were 
inoculated at different stages in their development. In 1956, 20 pairs of plants 
constituted a test unit on 3 different dates; in 1957, 35 pairs on 5 different 
dates; and in 1958, 20 pairs on 12 different dates. Plants were examined 
periodically for evidence of infection and at maturity yield of inoculated 
plants per series was compared with that of complementary checks. Data 
pertinent to the 3-year tests are recorded in Table II. 

As Table II shows, each year all but a very few of the inoculated plants 
became infected and either died or developed lesions on their stems. In 1956, 
mortality was high among plants inoculated when they were 69 days old but 
negligible among those inoculated later. Similarly, in 1957, no 64-day-old 
inoculated plants died, whereas mortality was high among those that had 
been inoculated when they were 50 days old. In 1958, the results were quite 
different, for of plants inoculated relatively late when they were 94 days old, 
84% died. The 1958 results dispelled any suggestion that plants became less 
susceptible as they increased in age. Why the pathogen continued to kill 
plants so much later in the season of 1958 than in the two preceding years is 
not known. 
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TABLE II 


Effect of inoculation of soybean plants, variety Harosoy, at different developmental 
stages with Phytophthora 4-7-56 


Pathological condition of plants 


Vield 
Age of Inoculated Yield of plants reduction 
plants when Checks, ~ inoculated 
Series inoculated, Dead, Lesioned,* Unaffected, unaffected, Inoculated, Check, Total, plants, 
days % % % % g g % 
1956 (20 inoculated, 20 check plants per series) 
1 69 70.0 30.0 _ 100.0 149 286 435 47.9 
2 77 5.0 90.0 5.0 100.0 244 324 568 24.7 
3 86 _ 95.0 5.0 100.0 236 287 523 17.8 
1957 (35 inoculated, 35 check plants per series) 
1 50 68.5 25.7 538 100.0 166 1448 1614 88.5 
2 57 28.5 65.7 5.8 97.2 568 1347 1915 57.8 
3 64 — 91.4 8.6 100.0 1165 1279 2444 8.9 
+ 71 —_— 85.7 14.3 97.2 1117 1128 2245 1.0 
5 78 _— 82.6 17.4 100.0 - 1223 1230 2453 0.6 
1958 (25 inoculated, 25 check plants per series) 
1 23 92.0 — 8.0 40.0 22 1022 1044 97.9 
2 31 92.0 4.0 4.0 96.0 33 1036 1069 96.9 
3 38 88.0 8.0 4.0 100.0 116 1015 1131 88.6 
4 44 100.0 —— _ 100.0 21 1170 1191 98.3 
5 51 100.0 —_ —_— 100.0 10 1043 1053 99.0 
6 58 96.0 4.0 _— 96.0 149 959 1108 82.6 
7 66 68.0 28.0 4.0 100.0 361 605 1026 45.8 
8 73 64.0 4.0 12.0 100.0 472 O41 1113 26.4 
9 79 72.0 24.0 4.0 100.0 583 658 1241 11.4 
10 88 76.0 20.0 4.0 96.0 556 630 1186 11.8 
11 94 84.0 12.0 4.0 100.0 587 594 1181 1.2 
12 101 4.0 92.0 4.0 100.0 603 631 1234 4.5 


*Plants in this category showed lesions which, originating at the point of inoculation, varied in severity and extent 
but which did not cause the plants to collapse and die. 

Especially in the 1958 results, it is interesting to note the effect of inoculation 
on yields. In the first six series, representing plants from 23 to 58 days old, 
mortality among inoculated plants ranged from 88 (series 3) to 100% (series 
4 and 5), and reductions in vield, ranging from 82.6% (series 6) to 99% 
(series 5), were correspondingly high. In series 7 to 11, representing plants 
66 to 94 days old, there was no such direct relationship; for although mortality 
remained relatively high, ranging from 64 (series 8) to 84°) (series 11), re- 
duction in vield steadily declined to a low of 1.2% (series 11). However 
greatly the vield of inoculated plants might differ from that of check plants 
in individual series, nevertheless total vields in all series did not vary greatly; 
that is, infection of plants had little effect on actual total yield. This means 
that when plants inoculated earlier in the season died, the check component 
of each pair compensated in yield for the dead plant. The capability of the 
soybean plant to adapt itself and respond to widely varying degrees of com- 
petition was noted by Hildebrand and Koch (13) in 1947. When plants were 
inoculated after they were about 70 days old, the compensating ability of 
check plants still was operative but diminished in proportion as pods on in- 
oculated plants reached stages of development less and less affected by the 
death of plants. 

The results of the 1958 test suggest that in a stand of soybeans, mortality 
of plants may be high without concomitant serious reduction in yield; but in 
such instances distribution of affected plants would seem to be the important 
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factor. If they were so distributed that in a high proportion of cases neigh- 
boring plants could compensate for them, as in the tests described above, 
then yield would probably not be seriously affected. If on the other hand they 
occurred en masse, greater reduction in yield might be expected. Thus, in 
attempting to evaluate loss of yield due to the disease, the distribution of 
diseased plants rather than their number warrants primary consideration. 


Host Range Studies 


When a hitherto unknown disease becomes suddenly and seriously epi- 
phytotic as did the Phytophthora stalk and root rot in Ontario in 1954, ques- 
tions arise as to the source and apparent abundance of inoculum, and the 
possible susceptibility of other cultivated hosts or representatives of the 
native flora. Since Middleton and Baxter (22) reported the isolation of 
phytopathogenic species of Phytophthora and Pythium from native herbaceous 
hosts representing 45 species in 20 families in California and Oregon, it seemed 
reasonable to suspect that native flora, particularly weeds, might harbor and 
perpetuate the soybean pathogen. Consequently, in these studies, considerable 
attention was paid to a number of the weeds that more commonly infest soy- 
bean fields. Since macroscopic examination of stems and roots of such weeds 
afforded no clue as to their possible susceptibility, they were tested by artificial 
inoculation. Soil from a number of severely affected fields was transferred to the 
greenhouse where in response to favorable growing conditions, weeds developed 
in profusion. Seedlings of the various weeds were transplanted into 3-in. 
pots, a population of at least 20 of each species being thus built up. When 
the stems of each kind of weed became large enough, they were inoculated 
by the toothpick method with Ontario isolates 4-7-56 and 23-9-56. The kinds 
of weeds and the results obtained are recorded in Table III. 

The pathogenicity of the Phytophthora isolates on the cultivated plants 
also listed in Table III was investigated. Greenhouse-grown seedlings or 
young plants of alfalfa, beans, cabbage, cauliflower, cowpea, cucumber, pea, 
pepper, sweet clover, and tomato were inoculated in the stem by the toothpick 
method. Field- as well as greenhouse-grown plants of alfalfa and sweet clover 
were inoculated by the same method in the root also. The tests with cabbage, 
cauliflower, corn, and the cereals involved the planting of seeds of each in 
artificially infested, steamed soil. The inoculum consisted of 20-day growth 
of the isolates on a mixture of screened vermiculite and yellow corn meal, 
the proportions by volume being five parts of the former to one of the latter. 
Seventy grams of the inoculum were mixed with 700 g of the top soil in each 
pot. For every inoculated series, corresponding checks were set up. Periodic 
external examination of plants was supplemented by a final splitting of stems 
for examination of internal tissue. Extent of infection was evaluated according 
toa gradient of values ranging from 0 to 3 (see footnote Table III). Details 
and results of the tests are summarized in Table III. 

As Table III shows, the only host, wild or cultivated, found susceptible to 
the soybean Phytophthora were bean varieties with the exception of Scarlet 
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TABLE III 
Pathogenicity of the soybean Phytophthora on certain weeds and cultivated plants 


Host 


Weeds 

Common beggar-ticks (Bidens frondosa L.) 
Common nightshade (Solanum nigrum L.) 
Common poke (Phytolacca decandra L.) 
Common purslane (Portulaca oleracea L.) 


Common ragweed (Ambrosia artemisiifolia L.) 
Common smartweed (Polygonum hydropiper L.) 


Lamb’s-quarters (Chenopodium album L.) 


Maple-leaved goosefoot (Chenopodium hybridum L.) 
Pigweed, prostrate (Amaranthus blitoides Wats.) 
Pigweed, red-rooted (Amaranthus retroflexus L.) 


Stinging nettle (Urtica dioica L.) 


Three-seeded mercury (Acalypha virginica L.) 


Velvetleaf Abutilon (Theophrasti Medic.) 


Wormseed mustard (Erysimum cheiranthoides L.) 


Cultivated plants 

Alfalfa 

Barley, var. Brant 

Barley, var. Hudson 

Bean, field or pea, var. Sanilac 
Bean, green bush, var. Contender 
Bean, green bush, var. Tendergreen 
Bean, green bush, var. Topcrop 
Bean, lima, var. Fordham Bush 
Bean, pole, var. Kentucky Wonder Green 
Bean, pole, var. Scarlet Runner 
Bean, snap, var. Black Valentine 
Bean, snap, var. Red Valentine 
Bean, wax bush, var. Pencil Pod 
Cabbage, var. Pennstate Ballhead 
Cauliflower, var. Super Junior 
Corn, single-cross, X Mus 
Corn, hybrid, Pioneer 371 

Corn, hybrid, Wisconsin 7 
Cowpea, var. White Acre 
Cowpea, var. California Blackeye 
Cucumber, var. Burpee Hybrid 
Oats, var. Garry 

Oats, var. Rodney 

Oats, var. Simcoe 

Peas, var. Lincoln 

Peas, var. Mammoth Podded 
Peas, var. Thomas Laxton 
Pepper, var. California Wonder 
Rye, var. Tetra Petkus 

Sweet clover, var. Common Yellow 
Tomato, var. Harrow V456 
Wheat, var. Genesee 

Wheat, var. Richmond 

Wheat, var. Kent 


+ 
+++ 


+++4++ 


+++ 
HOOO 


++ 


+++ +4 


*0, None; 1, 2, 3, internal lesions 1 to73zin., 3 to 6 in., over 6 in., respectively. 


937 
| Disease 
7 Toothpick _ Soil severity ; 
infesta- __ rating, 
Stem Roots tion average* 
<4 
| 3 
e | 
Ss 
i 
e 
d 
d 
Is 
Ss 
or 
k 
e, | 
n 
h 
ft. 
+h 
ic 
1s + 0 
| 
Is 0 5 
0 
to 
et 


938 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


Runner. The pathogen was markedly less virulent on beans than on soybeans. 
In none of the tests were any bean plants killed. Evidence of infection was 
most clearly in evidence when stalks were split longitudinally. For varying 
distances up and down the stem from the point of inoculation, the paren- 
chymatous tissue of the pith was killed, and the walls of the central cylinder 
showed a more or less vivid reddish discoloration. If extent of such killing and 
discoloration may be accepted as a basis for adjudging susceptibility, then 
Black Valentine was the most susceptible, for in that variety the internal 
lesions were longest. Ranging from 10.5 to 16.2 in. in length, they averaged 
14.1 in. In the case of the Black Valentine plant with the longest lesion, i.e. 
16.2 in., it was possible to reisolate the fungus from internal infected tissue 
up to a distance of 10 in. from the point of inoculation. Beyond that, attempts 
failed. This was interpreted as an indication of action in advance on the part 
of the pathogen. In Red Valentine, internal lesions averaged 5.84 in. in extent 
and most of them extended downwards into the crown-root zone; but in plants 
kept under observation for as long as 63 days, infection did not spread into 
the roots. 

The results of host range studies have been reported in at least two other 
instances by workers elsewhere. In 1955, Suhovecky and Schmitthenner (28) 
reported that alfalfa, red clover, corn, wheat, oats, and timothy were not 
infected when planted in soil artificially infested with the Ohio soybean 
Phytophthora. More recently, Kaufmann and Gerdemann (17) tested the 
pathogenicity of the Illinois sovbean Phytophthora on red, sweet, and Ladino 
clovers, alfalfa, lespedeza, bird’s-foot trefoil, corn, oats, wheat, green bean, 
garden pea, Lima bean, and mung bean by planting seeds of those various 
hosts in steamed soil artificially infested with the fungus. Appreciable damp- 
ing-off of alfalfa and a trace damping-off of sweet clover seedlings were noted. 
The same authors inoculated seedlings of corn, mung bean, Lima bean, and 
garden pea by insertion of the fungus directly into the bases of the stems, but 
got no evidence of infection. With two exceptions (alfalfa, beans), which 
are probably of no real significance, the results obtained in the present studies 
are in agreement with those of Suhovecky and Schmitthenner (28) and of 
Kaufmann and Gerdemann (17) and confirm the inference of the latter 
authors that the soybean Phytophthora does not appear to be a serious threat 
to any crops commonly grown in rotation with soybeans. It was considered 
possible that cowpea might have been found to be susceptible to the Ontario 
soybean pathogen because, in Australia, Purss (23) had found a species of 
Phytophthora, P. vignae Purss, causing a stem rot of cowpea, the symptoms of 
which in some respects resembled those of the disease of soybeans in Ontario. 
However, the cowpea varieties tested proved to be innocuous to the Ontario 
soybean pathogen. 


Resis:an > and Susceptibility of Varieties 


The reaction of most of the varieties that have been adopted or tested for 
commercial production of soybeans in Ontario and of some varieties that are 
not adapted for growth in the province were tested in the greenhouse by the 
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toothpick method of inoculation. On the basis of two well-defined classes of 
disease reaction, the varieties were categorized as follows: 

Resistant: Blackhawk, Monroe, Illini, Harley, A.K. (Harrow) and Mukden. 

Susceptible: Lincoln, Harman, Chippewa, Harosoy, Adams, Capital, Har- 

dome, Hawkeye, Richland, Chief, Clark, and Flambeau. 

The results of these varietal tests are in close accord with those of workers 
elsewhere (4). In the susceptible group, Harman plants did not collapse and 
die as quickly as those of other varieties, e.g. Lincoln and Harosoy. A modi- 
fication in the disease reaction of Harman in the field also attracted attention. 
In 1957, it was observed in a number of instances that when Harman and 
Harosoy happened to be growing contiguously in fields that had been flooded, 
the incidence of the Phytophthora disease was definitely lower in Harman 
than in Harosoy. 

As indicated above (Table I), when seed of the variety Monroe was planted 
in steamed soil artificially infested with a specified volume of mycelial suspen- 
sion of Ontario 4-7-56, a seedling stand of only 13% survived. On the basis 
of those results Monroe would be adjudged to be a susceptible variety. Yet, 
when Monroe seedlings are tested by the toothpick method, they are found 
to be virtually immune from the disease. Thus, the toothpick method would 
seem to have advantage over the soil infestation method unless, in the latter, 
after considerable testing, a concentration of inoculum was found that would 
be lethal to susceptible but harmless to resistant varieties. 


Selecting and Breeding for Resistance 


As the most promising and far-reaching method of control of the Phytoph- 
thora disease, a co-operative plant breeding and selection program was entered 
into in 1957 with the Dominion Experiment Station, Harrow, Ontario.* 

During the winter of 1957-58, a start was made in the revaluating of Experi- 
mental Station lines as a source of agronomically desirable resistant types. 
These lines, in advanced generations, had originated from crosses in which 
one of the parents had been resistant. Twenty plants of each of over 200 lines, 
i.e., a total of more than 4000 plants, were inoculated with Ontario 4-7-56 
or 23-9-56 by the toothpick method in the screening process which was carried 
out satisfactorily in the greenhouse under artificial illumination. The results 
are being evaluated as to their possible worth in the future conduct of the 
project. 


Spread of the Pathogen in and with the Soil 


It was indicated above that in a standard greenhouse test of the disease 
reaction of plants, two rows of seed of the variety under test are planted 4 
in. apart in each flat. After 14 days the seedlings in one row are inoculated 
in the stem by the toothpick method; those in the second row serve as checks. 
In a number of flats, after inoculated susceptible plants had died within the 
usual period of a few days, plants in the check rows later developed typical 


°Specifically, with Mr. C. W. Owen, soybean plant breeder. 


Ss. 
1s 
1- 
or 
id 
n 
al i 
‘d 
1e 
ts 
rt 
it 
ts | 
0 
or 
3) 
ot 
10 
1S 
3 
1. 
d 
it 
2S 
of 
it 
d 
of 
if 
; 


940 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


symptoms of the Phytophthora disease, and succumbed. Presumably, the fungus 
had spread down about 2 in. of stem of the inoculated plants into its roots, and 
thence through some 4 in. of soil into the roots of the adjacent check plants. 
The shortest observed interval for the above to take place was 14 days. A 
parallel instance of the phenomenon was observed in the field. Table I] shows 
that for series 1 of the 1958 inoculations, only 40% of the check plants remained 
healthy. 

On September 25, 1957, clay soil of the Brookston series was obtained 
from a field in which as late as August 15 the killing of plants by the Phy- 
tophthora disease had been uniformly severe. The soil was piled outside during 
the winter. On May 27, 1958, after the completion of preplanting operations, 
4 bu of the clay soil were spread uniformly over an area 20 X 20 ft, comprising 
a corner of the laboratory plots. With garden implements the clay was worked 
into the soil of the plot, which is a Fox sandy loam. Then, soybeans, variety 
Harosoy, were planted in and contiguously to the clay-treated area. During 
the period July 17—28, 14 (= 2.3%) of the 584 plants in the clay-treated area 
developed characteristic symptoms of the Phytophthora disease. A Phytoph- 
thora similar to those previously obtained was isolated from the affected 
plants, and its pathogenicity on Harosoy seedlings was confirmed. No Phy- 
tophthora-infected plants were found outside the clay-treated area. The above 
observations suggest that the soybean pathogen can spread in and be spread 
by soil in which it has become established. 


The Pathogen 


GENERAL CONSIDERATION 


Certain points relating to the identity and host specificity of the Ontario 
soybean Phytophthora demanded especially careful consideration. As mentioned 
above, in 1957, Herr (10) had ascribed the cause of the root rot of soybeans 
in Ohio to Phytophthora cactorum. Slykhuis (26), in 1952, and Benedict (3), 
in 1954, had reported that P. cactorum was the cause of a destructive root 
rot of sweet clover in Ontario. An implication from those publications is that 
the diseases of the two hosts are caused by the same organism, i.e. P. cactorum. 
If that were true, problems of immediate practical importance would arise 
because in southwestern Ontario sweet clover and soybeans are often grown 
in close sequence. It seemed important, therefore, that the pathogenicity of 
P. cactorum to these two crops be investigated. Since cultures of Slykhuis’ 
and of Benedict’s fungus were not obtainable, it was necessary to obtain the 
sweet clover pathogen directly from its host. Consequently, in April 1957, 
isolations were made from diseased roots of sweet clover exhibiting symptoms 
exactly as described by Slykhuis and by Benedict. A Phytophthora sp. was 
readily obtained. 

Another consideration arose from Herr's (10) naming the soybean pathogen 
P. cactorum, in 1957. By that time, the writer had studied the Ontario pathogen 
in some detail and indications were that it might not be P. cactorum. Since the 
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disease was undoubtedly the same in the two locations, presumably the causal 
organism should be the same. If the Ontario pathogen were found not to be 
P. cactorum, then some doubt might arise as to the correctness of Herr’s 
identification of the Ohio fungus. Meanwhile, in 1958, Kaufmann and Gerde- 
mann (17) named P. sojae n. sp. as the cause of a root and stem rot of soybeans 
which in addition to Ohio and North Carolina “‘now has been recognized in 
Illinois, Missouri, and Indiana, as well as in Ontario, Canada.’’ The impli- 
cation here is that the Ontario pathogen is P. sojae. Below, the writer questions 
the necessity of describing the soybean pathogen as a new species. 

Comparison of the Ontario soybean pathogen with those received from 
Ohio and Illinois, with the Ontario sweet clover Phytophthora, and with the 
several species of the genus listed earlier were made by growing them on a 
number of different media including: Difco corn-meal agar (CMA); Difco 
lima-bean agar (LBA); Czapek’s sucrose-nitrate agar (SNA) (18); Leonian’s 
malt-extract agar (MEA) (19); Petri’s mineral solution (33); freshly prepared 
2% potato-dextrose (PDA); and seeds of hemp, rye, cabbage, and soybeans 
in water. The seed decoctions were made by adding three seeds of hemp, 
two of rye, four of cabbage, and one of soybean, respectively, to 10 ml of 
distilled water, and autoclaving. 

For precise morphological studies, the following device was used extensively 
with highly satisfactory results. A van Tieghem cell was affixed to a clear 
glass plate by means of vaseline, a few drops of distilled water being then added 
to the cell. A small drop of a selected medium was centered on a sterilized 
cover glass, and inoculated with the organism to be studied. The cover glass 
was then inverted over the van Tieghem cell and affixed to the latter with 
vaseline. Such a mount permitted almost unobstructed microscopic examin- 
ation of morphological details of taxonomic significance, for relatively long 
periods of time. 


MoRPHOLOGY 


When particles of tissue excised from infected stems are ‘“‘planted”’ in CMA 
in Petri plates, mycelial development may be detected at room temperature 
after about 8 hours. Earliest development is evidenced by stubby, grayish 
hyphal outgrowths. As these slowly lengthen in the medium, they give off 
branches, mostly at right angles, which at first are short and thick, and then 
as they develop often become irregularly knobby or tuberculate. The latter 
characteristic is intensified with increasing depth of medium in the plate. 
As the young colony develops, a characteristic nodosity of the mycelium 
becomes apparent. From small, irregularly occurring, closely compacted 
mycelial aggregates, hyphae radiate and produce the spidery or bushy type 
of growth illustrated by Blackwell (6, Plate 1 (c)) for P. megasperma. Hyphae 
also tend to curl forming simple loops or more complicated skeins. Con- 
currently, there is rather sparse development of extra-matrical, white, fluffy 
mycelium. Surface and submerged hyphae are 2.5—8.0 wu, mostly 3.0-5.2 yu, 
in width, aseptate when young but later becoming septate, the protoplasm 
receding to certain portions delimited by the septa. 


us 
id 
s. 
A 
vs 
y~ 
d 
“a 
d 
re 
d 4 
d 
| 
t 
t 
e 4 
3 
1 
1 


942 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


Intercalary, spherical or irregular hyphal swellings are of common occur- 
rence in solid or liquid media. Less frequently but none the less definitely, 
chlamydospores as defined by Blackwell (6) also occur. Those illustrated in 
Fig. 4 were observed in CMA plate cultures incubated for 17 days at 20° C. 
Mostly intercalary, but often acrogenous bodies, they were irregular or spher- 
ical in shape, the spherical ones being almost as large as o6gonia. 

Under ordinary plate culture methods, sporangia did not develop on any 
of the solid media used. However, when 1 X 1-cm squares of a 10-day-old CMA 
plate culture were treated first with Petri’s solution, and then with distilled 
water as suggested by Waterhouse and Blackwell (33), sporangia developed 
fairly abundantly. Typically obpyriform in shape and_ inconspicuously 
papillate, they ranged in length from 42.5 to 65.4 yw, in width from 31.8 to 
52.5 uw, and averaged 52.5X35.1 uw. They were observed to good advantage 
in a CMA, hanging-drop, van Tieghem cell culture. In such a miniature 
moist-chamber they began to appear about 24 hours after the CMA had been 
inoculated. Those observed were borne terminally on a simple sporangio- 
phore (Fig. 5). Less than an hour after the first faint delimitation of their con- 
tents, sporangia germinated indirectly by the extrusion, terminally, of biflagel- 
late zoospores. Vesicle formation was not detected. After intensive micro- 
scopic examination of van Tieghem cell cultures, sporangium-bearing hyphae 
were observed to continue development in three different ways as follows: 

(a) by internal proliferation (Fig. 6), just as illustrated by Blackwell 
(6, Fig. 14, A) and by Drechsler (7) for P. megasperma; 

(b) by subsporangial elongation as described and illustrated by Drechsler 
(7) for P. megasperma; 

(c) by both of the above methods. 

The three different types are illustrated in Fig. 12. 

Organs of fusion develop quickly and abundantly on CMA. On that 
medium in a van Tieghem cell, antheridia and oégonia developed within 72 
hours to the stage shown in Fig. 8. As will be noted, the antheridium is para- 
gynous, and in this respect is typical of most of those observed. Tomkins et ai. 
(29) have pointed out that the size of the o6gonia and odspores of Phytophthora 
megasperma Drechsler causing a root rot of cauliflower in California was 
affected by temperature and by the nature of the culture medium. In the 
present studies the effect of those two factors on size of odgonia and odspores 
was not given particular attention. It was noted, however, that odgonia and 
odspores produced in hemp-seed —water culture did not differ appreciably in 
size from those produced in CMA plate cultures. In the latter type of culture 
it was noted further that o6gonia and odspores produced nearest the periphery 
of the colony tended to be larger than those produced more centrally. Material 
for measuring o6gonia and odspores was selected, therefore, as representing 


Fic. 1. Left: Soybean plants, variety Harosoy, infected through roots after being 
grown in mycelial suspension of Phytophthora megasperma var. sojae. Right: comparable 
healthy checks. Fic. 2. Twelve-day-old soybean seedlings, variety Harosoy, grown 
in non-steamed (upper row) and steamed (lower row) soil artificially infested with P. 
megasperma var. sojae. Fic. 3. Same as Fig. 2 but variety Monroe. 
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Fic. 12. Types of development of sporangium-bearing hyphae of P. megasperma 
var. sojae. A, proliferation; B, subsporangial elongation; C, proliferation and sub- 
sporangial elongation, 


fully this size differential. Odgonia are thin-walled, usually spherical or sub- 
spherical, and do not have a funnel-shaped base. A total of 205 odgonia and 
236 odspores from 11- to 20-day-old CMA plate cultures incubated at 20° C 
were measured (Table VI). The o6gonia varied from 29.4 to 45.7 w in dia- 
meter, with an average of 36.3 uw. The smooth-walled, distinctly yellowish 
odspores varied from 22.8 to 35.1 mw in diameter, with an average of 30.7 wu. 


COMPARISON WITH OTHER ISOLATES AND SPECIES OF Phytophthora 


Pathological 

It was stated above that when young soybean plants of the susceptible 
variety Harosoy were inoculated with the Ontario, the Ohio, and the Illinois 
soybean Phytophthoras, with an Ontario sweet clover Phytophthora, and with 
six species of the genus from known and unknown hosts, only the Ontario 
isolates and those from Ohio and Illinois were pathogenic on the test plants. 
The Ontario isolates were, moreover, markedly more virulent than those from 
Illinois and Ohio. 

Kaufmann and Gerdemann (17) reported that when mycelium from hemp- 
seed culture of the Illinois pathogen was inserted into the hypocotyl of each 
of fifty-two 10-day-old Harosoy seedlings, all of them became infected and 
died within 7 days. Such results were at variance with those obtained by the 
writer with the Illinois isolates. The apparent discrepancy seemed to warrant 
investigation. It was thought that the first subculture received from Gerdemann 
in November, 1957, might have lost its pathogenicity as the result of having 
been maintained too long in artificial culture and that, if such were the case, 


Fics. 4 to 8. Phytophthora megasperma var. sojae (Ontario isolates except Fig. 7). Fig. 4. 
Chlamydospores. Fig. 5. Sporangium. Fig. 6. Proliferating sporangium. Fig. 7. Dis- 
charged sporangium and chlamydospore of Illinois isolate. Fig. 8. Fusion bodies. Fics. 9 
and 10. Ontario sweet clover Phytophthora. Fig.9. Sporangium. Fig. 10. Direct germin- 
ation of sporangium with emergence of germ tube through the papilla, Fic. 11. Relative 
growth after 6 days at 20° C, of P. megasperma var. sojae (upper) and of Ontario sweet clover 
Phytophthora (lower) on LBA, MEA, and PDA (left to right, respectively). 
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its virulence might be restored by passage through the host. The fungus was, 
therefore, inoculated into the hypocotyl of a young Harosoy seedling, and 
reisolated from the small lesion that was produced on it. The procedure was 
repeated twice more. Then, it and Ontario 4-7-56 were each grown for 15 
days in hemp-seed—water culture. By the toothpick method, forty-two 
14-day Harosoy plants were inoculated, 21 with the Illinois isolate, and the 
same number with Ontario 4-7-56. After 7 days, only 3 of the 21 plants were 
killed by the Illinois isolate, but all 21 by the Ontario pathogen. 

In March, 1958, a second subculture of the Illinois fungus was received. 
It and Ontario 23-9-56 were grown for 16 days in hemp-seed — water culture. 
Again twenty-one 14-day-old Harosoy plants were inoculated with the Illi- 
nois isolate and the same number with Ontario 23-9-56. After 7 days, 5 of 21 
plants were killed by the former, and all 21 by the latter (Fig. 13). The evidence 
was convincing that the Ontario isolates were far more virulent than those from 
Illinois. 

The pathogenicity of Ontario 4-7-56 was also compared with that of the 
earlier-received Illinois, and the Ohio isolate, on another host. Twenty 14-day- 
old greenhouse-grown Pencil Pod Wax beans were inoculated by the toothpick 
method with 14-day-old CMA plate cultures of the three isolates. All three 
caused internal lesioning and discoloring of stem tissues. After 21 days, the 
stems of all inoculated plants were split longitudinally, and the extent of 
necrosis and discoloration was measured. The average for the three isolates 
was as follows: Ontario, 4.53 in., Illinois, 1.42 in., and Ohio, 1.06 in. Closely 
comparable results were obtained in additional tests involving the varieties 
Kentucky Wonder Green and Contender. 

The pathogenicity of the later-obtained Illinois isolate was also compared 
with that of Ontario 4-7-56, on soybean plants in the field. In June 1958, 
fifty 23-day-old Harosoy plants growing in the laboratory plots were inoculated 
by the toothpick method with 16-day-old CMA plate cultures of the two 
isolates, 25 plants with the one, and 25 with the other. A plant adjacent to 
each inoculated plant served as check. Check and inoculated plants were 
uniform in size, because early in the season, the stand had been thinned by 
hand to a spacing of 3 in. in the row. 

All 25 plants inoculated with the Ontario isolate died. The 25 complementary 
check plants remained healthy and produced 1044 g of seed, an average of 
41.7 g per plant. All plants inoculated with the Illinois isolate developed 
lesions, and although five of them collapsed, none died. They produced 584 g 


Fic. 13. Comparative pathogenicity of Ontario and Illinois isolates of Phytophthora mega- 
sperma var. sojae. Results after 7 days of inoculating 12-day-old seedlings, variety Harosoy, 
with Illinois isolate (back row) and with Ontario isolate (front row). Fic. 14. Comparative 
pathogenicity on soybeans of P. megasperma var. sojae and of Phytophthora sp. from sweet 
clover. Results after 7 days of inoculating 21-day-old Harosoy seedlings with the former 
(front row) and with the latter (back row). Fic.15. Host specificity of P. megasperma var. 
sojae and of Phytophthora sp. from sweet clover. Survival of sweet clover (left) and of soybean 
seedlings (right) in steamed soil artificially infested with the soybean and the sweet clover 
ee respectively. Survival of seedlings of both hosts in non-infested steamed soil 
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Fic. 16. Comparative growth after 6 days on CMA at 27.5° C, of isolates of Phytophthora 
megas perma var. sojae (left and center) and of P.cactorum (right). Left, Ontario autumn 23-9-56 
(lower), Ontario summer 4-7-56 (upper); center, Ohio (lower), Illinois (upper); right, Washing- 
ton (lower), apple (upper). Fics. 17 to 19. Comparative growth after 6 days at 20° C, on 
Czapek’s sucrose-nitrate agar plus thiamine, of isolates of Phytophthora sp. from sweet clover 
(left), of P. megasperma var. sojae (center), and of P. cactorum (right). 
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of seed, an average of 23.3 g per plant. The 25 complementary checks remained 
healthy and produced 714 g of seed, an average of 28.5 g per plant. Absence 
of competition through the early killing of inoculated plants accounts for the 
increased yield of the one lot of check plants over the other. 

Because of the complications mentioned earlier, the pathogenicity of the 
Ontario sweet clover Phytophthora was also compared with that of the Ontario 
soybean isolates. In one type of test twenty 21-day-old greenhouse-grown 
Harosoy plants were inoculated by the toothpick method with a 14-day-old 
CMA plate culture of the sweet clover isolate. The procedure was duplicated 
using a similar culture of Ontario 4-7-56. As is shown in Fig. 14, the soybeans 
were innocuous to the sweet clover isolate but completely susceptible to the 
soybean fungus. Another type of test, involving the infesting, artificially, 
of steamed soil with vermiculite — corn-meal cultures of the sweet clover and 
the soybean Phytophthora, respectively, and the planting on a five-replicate 
basis of the seeds of the two-crops in infested and non-infested soil, was also 
carried out. The seeds of soybean and sweet clover were of the varieties Haro- 
soy and Common Yellow, respectively. The results are summarized in Table 
IV, and illustrated in Fig. 15. 


TABLE IV 


Emergence of, and postemergence mortality among, seedlings of soybeans and of sweet 
clover in steamed soil artificially infested with isolates of Phytophthora from the two hosts 


Sweet clover Soybeans 
Postem. Postem. 
Emergence, mortality, Emergence, mortality, 
Organism % % % % 
Check* 89.4 Nil 92.0 Nil 
Seybean Phytophthora 86.8 2.8 Nil — 
Sweet clover Phytophthora 45.1 100.0 87.0 Nil 


*Non-infested, steamed soil. 


With regard to soybeans, Table IV shows that not a seedling emerged from 
the soybean-Phytophthora-infested soil. Correspondingly, in the case of sweet 
clover, although seedling emergence reached about 45% in the sweet clover- 
Phytophthora-infested soil, all the seedlings soon succumbed to postemergence 
damping-off. Thus, each isolate proved to be not only specific but virulently 
pathogenic to the host from which it was obtained. 

An additional test was carried out under field conditions after greenhouse 
preliminaries as follows. In April 1957, seed of sweet clover, variety Common 
Yellow, was planted in a flat in the greenhouse. Resultant young seedlings 
were transplanted to small pots, one seedling per pot. Later, the seedlings were 
transferred to larger pots, and in August they were set out-of-doors in the 
laboratory plots. They survived the winter and grew luxuriantly in the spring 
of 1958. On April 18, 1958, the roots were exposed and inoculated in the 
“shoulder”? by the toothpick method with 14-day-old CMA plate cultures of 
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Comparative growth of Phytophthora megasperma var. sojae (Ohio, Illinois, 
and two Ontario isolates), P. cactorum (two isolates), P. megasperma, P. syringae, and the 
Ontario sweet clover Phytophthora, after 6 days on CMA. 
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the following: Ontario 4-7-56 and 23-9-56, Ontario sweet clover Phytophthora, 
P. cactorum (isolate from apple), and P. cryptogea (host unknown). Fifteen 
roots were inoculated with each organism. Within 10 days the tops of plants 
inoculated with the sweet clover isolate showed signs of wilting. After 3 weeks 
they were all dead or dying. Plants inoculated with the four other isolates 
showed no evidence of infection on tops or roots. 

Briefly, the above experiments showed that the soybean Phytophthora 
isolates furnished by workers in Ohio and Illinois were not as virulent in their 
pathogenicity to soybeans as the author’s Ontario isolates, and that the latter 
in being non-infectious to sweet clover differ from the isolate obtained from 
that host. 


Physiological 

(a) Temperature Relations 

Tucker (30) was of the opinion in 1931 that the growth of isolates of Phyto- 
phthora on corn-meal agar at various temperatures is a valuable aid in dis- 
tinguishing certain species. By adopting a medium which he could stand- 
ardize and by employing precision equipment, Leonian (20) demonstrated 
in 1934 that certain of the recognized species of Phytophthora are separable 
from all others by their temperature limitations and that the only valid 
difference between certain groups of species lies in their temperature relation- 
ships. Ina recent authoritative key to the species of the genus (33), differing 
growth response to temperature is used in several instances as a criterion for 
distinguishing between species. In the light of the foregoing considerations, 
the temperature-growth relations of Ontario isolates 4-7-56 and 23-9-56 were 
compared not only with one another but also with those from Ohio and from 
Illinois, with the Ontario sweet clover isolate, and with the three species, 
P. cactorum (two isolates), P. megasperma, and P. syringae, the sources of 
which have been mentioned above. 

The studies were carried out in three incubators, the temperature differential 
inside each of which, and among the three of which after synchronization, 
did not exceed +0.5° C. The medium used was always freshly made “Difco” 
Bacto corn-meal agar (control 431360), 15 ml of which were dispensed per 
Petri plate. All plates were close-fitting and matched for exactness of size. 
The inoculum in the form of a 4 mm-square agar block was always taken from 
the periphery of CMA plate cultures of the respective isolates that had been 
incubated for 6 days at 15.0+1° C. Ina given trial, four plates were inoculated 
respectively with the nine isolates, and the trials were repeated from five to 
nine times at the following temperatures: 5°, 10°, 15°, 20°, 25°, 27.5°, 30°, and 
32.5° C. Two diameters (at 90°) of each colony were measured and averaged 
at 24-hour intervals throughout the 6-day duration of a trial, and with each 
returning of the plates to the incubators they were re-randomized as to posi- 
tion. The results of these trials are presented graphically in Figs. 20 to 23. 

Figure 23 shows the relative growth of the two Ontario isolates. It will be 
noted that they resemble one another very closely in that neither develops 
at 5°, both show maximum growth at 25°, and only a trace at 32.5°. A point 
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of apparent difference is that the autumn isolate, 23-9-56, consistently grows 
: at a slightly slower rate than the mid-summer isolate, 4-7-56. In Fig. 20, the 
growth of the latter is compared with that of Ohio and Illinois. Up to 20°, 
‘ Ontario 4-7-56 shows slightly greater growth than Ohio or Illinois but at 25° 
‘ the situation is definitely reversed with Illinois showing considerably, and 
Ohio appreciably, greater growth than Ontario 4-7-56. Above 25°, Illinois 
continues to show greater growth than 4-7-56, with Ohio intermediate be- 
tween the two. The gradient of growth at 27.5° C, of Ontario 4-7-56 and 
‘ 23-9-56, and of Ohio and Illinois, is clearly illustrated in Fig. 16, as is also the 
contrast between the four soybean isolates and P. cactorum. Even at 32.5°, 
Illinois still shows considerable growth. Although none of the soybean isolates 
grew at 5°, they were not killed by 6 days’ exposure to that temperature, for 

they resumed growth after being transferred to the laboratory. 

Figures 20 and 21 contrast the growth of three of the soybean isolates with 
that of P. cactori’m and the Ontario sweet clover isolate. In being able to grow 
at 5°, and with its growth determinate at 32.5°, P. cactorum differs from the 
soybean isolates. The temperature optimum for P. cactorum, like that of the 
soybean isolates, is 25°, at which point, however, the growth of the former is 
considerably greater than that of the latter. The isolate of P. cactorum from 
apple consistently shows a slightly greater growth than the one obtained from 
Washington until 30° is approached. The sweet clover isolate differs strikingly 
from those of P. cactorum and of the soybean fungus in that it makes consider- 
able growth at 5°, and shows maximum mycelial development at only 15°. 
Its growth curve (Fig. 21) is practically identical with that shown by 

; Slykhuis (26) for his sweet clover isolates. Because of its low temperature 
maximum, it was thought at first that the sweet clover isolate might be P. 
syringac; but as Fig. 22 shows, P. syringae, true to the record that has been 
established for it, did not grow at 25°. In this respect P. syringae was 
different from all the other isolates in the test. The growth curve of the P. 


TABLE V 


Comparative growth of nine isolates of Phytophthora on “Difco” 
Bacto corn-meal agar after 6 days at 20° C 


Soybean isolates Species 
Ontario Ontario cactorum syrin- megasperma, 
4-7-56 23-9-56 Ohio Illinois clover Wash. B.C. apple Wash. wallflower 
Trials Growth, mm 
1 43.4* 42.9 43.3 43.0 20.4 53.6 54.8 49.8 32.6 
2 44.2 43.4 41.5 41.5 30.0 $5.3 55.6 49.5 32.1 
3 42.6 44.8 41.0 44.0 29.6 54.7 56.9 49.4 32.2 
4 44.6 43.1 41.2 43.9 28.9 $2.7 54.6 49.7 32.1 
5 45.5 42.9 44.5 42.6 28.1 54.4 $3.5 50.7 31.8 
6 43.0 44.1 42.0 44.1 29.4 $1.0 56.3 49.9 32.9 
7 44.7 42.6 41.1 43.7 28.2 51.9 54.6 50.1 31.6 
8 45.9 40.4 42.6 40.1 28.6 53.1 54.2 49.8 33.6 
9 44.8 44.9 42.0 43.8 30.7 54.7 54.3 $3.1 32.4 
Totals 398.7 389.1 379.2 386.7 262.9 481.4 496.8 452.0 291.2 
Means 44.3 43.2 42.1 42.9 29.2 53.5 55.2 50.2 32.3 


Norte: L.S.D. at 1%, 1.376; at 5%, 1.036. 
*Mean of diameters of four plates. 
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megasperma isolate (wallflower) used in the test (Fig. 22) approached most 
closely that of the sweet clover isolate. 

Earlier it was intimated that the Ontario isolates 4-7-56 and 23-9-56 are 
morphologically and pathologically indistinguishable from one another. That 
they might differ physiologically, however, was disclosed in the growth studies 
which showed that 23-9-56 consistently grew slower than 4-7-56. Similarly, 
the isolate of P.cactorum obtained from Washington grew slower than the apple 
isolate from British Columbia. The significance of the apparent difference 
between and among isolates or species at 20° C was examined by examining 
the data statistically. The results are indicated in Table V. 

Although Table V suggests that the difference in growth between the two 
Ontario isolates is significant, such differences may be more apparent than 
real; but the significance of the difference between the Ontario isolates on the 
one hand and the Ohio and the Illinois isolates on the other is more convincing. 
The difference between the growth of the soybean isolates as a group and that 
of any of the other organisms under test also is significant. Of interest too is 
the fact of significance of the difference in growth between the two isolates 
of P. cactorum. 

(6) Nutritional Relations 

These studies were undertaken primarily with a view to finding possible 
additional means of differentiating isolates. Consequently, reference will be 
made here only to those media that were found helpful in that regard. One of 
these was Czapek’s sucrose-nitrate agar (SNA) (18) which was used alone and 
with thiamine in the form of thiamine hydrochloride (CyH iON SCl.), added 
at the rate of 0.01 g per 1000 ml of the medium. That SNA plus the thiamine 
was particularly useful in differentiating the Ontario soybean isolates from the 
sweet clover isolate and from P. cactorum is indicated in Figs. 17 to 19. It may 
be mentioned that on SNA without the thiamine, the Ontario isolates and P. 
cactorum grew so sparsely as to be scarcely discernible to the unaided eye. 
As is indicated in Fig. 11, LBA, Leonian’s MEA, and freshly prepared PDA 
were each useful in distinguishing Ontario 4-7-56 from the sweet clover 
pathogen. The illustration shows clearly that after 6 days’ incubation on PDA 
at 20° C, Ontario 4-7-56 grows very poorly, its colony size being only about 
one-third that of the sweet clover isolate. In contrast, on LBA, the soybean 
isolate grows better than the one from sweet clover. On hemp seed in water 
at room temperature, the growth of the Ontario, the Illinois, and the Ohio 
soybean isolates was closely similar and exceeded that of the two represent- 
atives of P. cactorum and of the sweet clover isolate. The Ontario isolates 
grew better in a soybean-seed — water decoction than in decoctions of any 
of the other seeds tested. 


Mor phological 

To facilitate comparison, taxonomically significant characters of the soy- 
bean isolates from different sources, of the sweet clover isolates, and of certain 
species regarded as pertinent to these studies are set forth in Table VI. Des- 
criptions by original investigators are supplemented by the data of workers 
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TABLE 
Taxonomically significant characters of the soybean Phytophthora isolates from 
of the genus pertinent 
Sporangium size 
Sporangio- 
Organism Investigator phore* Range, Av., 
Soybean 1 Ohio, Suhovecky (27) 12-15 X23-25 
Phytophthora 2 North Carolina, Skotland (25) Prolif. 16-32 X35-48 
3 Illinois, Kaufmann and 
Gerdemann (17) Non-prolif. 23.3-88.8 X16.6-51.8 58 X38.3 
4 Ontario, Hildebrand§ 
5 Isolate 4-7-56 Prolif. 42.5-65.4 X31.8-52.5 52.5 X35.1 
6 Isolate 23-9-56 Prolif. 
7 Isolate from Illinois Prolif. 
8 Isolate from Ohio 
Phytophthora 9 Illinois, Kaufmann and 
cactorum Gerdemann (17) 
10 Isolate from lilac 14.9-46.6 X11.6-36.6 34.2 X27.4 
11 Ontario, Hildebrand 
12 Isolate from apple Non-prolif, 26.1-49.0 X19.6-34.3 35.1 X26.8 
13 Isolate No. 10091 Am. 
Type Cult. Non-prolif. 
Phytophthora 14 Illinois, Kaufmann and 
megas perma Gerdemann (17) 
15 P. megasperma Dreschs. 35.0-60.0 X25.0-43.0 
16 Ontario, Hildebrand 
17 Isolate from wallflower 
18 California, Tomkins et al. 
(29) 
19 P. megasperma from 
cauliflower 41.6-56.0 X28.0-40.0 49.4 X33.6 
20 P. megasperma Dreschs. 
Sweet clover 21° Illinois, Kaufmann and Gerde- ; 
Phytophthora mann (17) 
22 Ontario isolate, Benedict 24.2-41.6 X20.8-32.5 32.4 X26.5 
(3) 
23 Ontario, Hildebrand 
24 Isolate from white sweet 29.4-49 .0 X22.8-39.2 38.8 X30.7 
clover 
Phytophthora 25. Ontario, Hildebrand 
syringae 26 Isolate No. 11301 Am. 35 .1-52.3 X29.4-39.2 42.7 X33.3 
Type Cult. 
Pythiomor pha 27 Japan, Ito and Nagai (15) 
miyabeana 28 Isolate from rice Prolif. 36.0-53.0 X17.0-36.0 47.0 X26.0 


*Prolif.—proliferation; Non-prolif.—non-proliferation. 

+N.P.—non-papillate; Indist.—broad, indistinct papillae; D.P.—distinct papillae. 
tAmphig.—amphigynous; Parag.—paragynous. 

$As reported in this paper. 


elsewhere with whom subcultures were exchanged. The author's data are 
based on the measurement of not less than 75 and up to 250 sporangia, o6gonia, 
or odspores. Sporangia of P. cactorum were produced sparingly on CMA and 
abundantly on MEA plate cultures at 20.0° C. In the soybean isolates, on the 
other hand, sporangial development had to be induced by resorting to the 
Petri-mineral-solution method as suggested by Waterhouse and Blackwell (33). 
Sporangia of the sweet clover isolate were noted only in hemp-seed — water 
culture. CMA was adequate for production of oégonia and odspores in P. 
cactorum and the soybean isolates but MEA was best in this regard for the 
sweet clover isolate. Types of sporangiophore and of antheridial development, 
if not otherwise apparent, were determined by detailed study of hanging-drop 
mounts in van Tieghem cells. It was in such a mount that chlamydospores 


of the Illinois isolate (Fig. 7) were detected. 
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VI 


different sources, of the sweet clover Phytophthora isolates, and of certain species 
to the present studies 


Oégonium Oéspores 
Sporangium Chlamydo- Antherid- 
apext spores ium} Range, Av., Range, = Av., Color 
N.P. Amphig. 20.6-25.4 10-15 
N.P. Parag. 29.0-42.0 23-32 
Indist. Absent Parag. 28.3-45.8 36.9 19.2-38.3 31.4 
N.P. to indist. Present Parag. 29.4—-45.7 36.1 22.8-35.1 31.0 Dark yellow 
N.P. to indist. Present Parag. 29.4-45.7 36.6 26.1-35.1 30.5 Dark yellow 
Present Parag. 29.4-42.5 36.0 22.8-42.5 31.1 Dark yellow 
Present Parag. 29.4-45.7 35.0 24.5-39.2 34.5 Dark yellow 
D.P. 19 ,.9-33.3 28.9 17.5-29.2 25.4 
D.P, Present Parag. 26.1-35.1 30.1 22.8-29.4 25.9 
D.P. Present Parag. 26.1-40-8 30.9 22.8-29.4 25.8 
Indist. 48.8 42.0 
Parag. 39.2-49.0 44.0 33.4-46.3 38.4 
N.P. to indist. Parag. 32.0-46.0 38.3 26.0-40.0 33.3 Lemon yellow 
to straw 
36.0-52.0 42.6 32.8-45.2 7.2 
D.P. Present 24.9-37.5 30.4 22.5-29.2 26.6 
D.P 26.1-47.4 35.9 22.8-34.3 29.5 
Indist. to D.P. Present 
Present Parag. 28.0-50.5 24.0-36.0 30.0 Dark yellowish 


According to the author’s data in Table VI (1. 4 to 8), the four isolates 
from soybean (two from Ontario and one each from Illinois and Ohio) are 
not only morphologically indistinguishable from one another but also from the 
Illinois and North Carolina pathogens as described by Kaufmann and Gerde- 
mann (1. 3) and Skotland (I. 2), respectively. Differences are that neither 
Skotland nor Kaufmann and Gerdemann reported chlamydospores and the 
latter authors reported subsporangial branching rather than proliferation. 
These apparent differences may only reflect differences in intensity of study. 
Since Kaufmann and Gerdemann (17) also found the Ohio, the North Carolina, 
and five Illinois isolates to be morphologically indistinguishable, the soy- 
bean pathogen may be regarded at the species level at least as one and the 
same fungus. The isolate described earlier by Suhovecky (I. 1) is so different 
from those described by other workers that it appears to represent an entirely 
different species. On what characteristics Herr (10) later identified the soy- 
bean pathogen in Ohio as P. cactorum is not known because he furnished no 
details in that regard. 
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With regard to P. cactorum (1. 9 to 13), the isolate from lilac studied by 
Kaufmann and Gerdemann (I. 9 and 10) is closely similar to the apple and 
Washington isolates studied by the author (I. 11 to 13), and all three may be 
accepted as typical of the species. In morphological characters of taxonomic 
significance, the isolates of P. cactorum are different, however, from the soy- 
bean Phytophthora. The latter in contrast to P. cactorum shows proliferation 
of sporangiophores, has non-papillate to only indistinctly papillate sporangia, 
and consistently develops larger sporangia, o6gonia, and odspores. These 
differences supplemented by those of a pathological and a_ physiological 
nature as demonstrated above are of sufficient diagnostic significance to war- 
rant regarding the two as different species. 

In Waterhouse and Blackwell’s key to the species of Phytophthora (33), a 
distinction is made between large- and small-spored (o6gonia and odspores) 
forms of P. megasperma Drechsler. As Table VI shows, isolates of P. mega- 
sperma studied by Kaufmann and Gerdemann (I. 14 and 15), by the author 
(1. 16 and 17), and earlier by Tomkins et a/. (1. 18 to 20), with one exception 
(1. 19) which will be referred to later, had o6gonia and odspores of a size that 
would place them in the large-spored forms of the species, and thus would 
differentiate them from the soybean fungus. 

Kaufmann and Gerdemann’s study of Benedict’s (3) Ontario sweet clover 
Phytophthora (\. 21 and 22) confirms the correctness of the latter author's 
diagnosis of his pathogen as P. cactorum. There is doubt as to the author’s 
sweet clover isolate (I. 23 and 24) belonging in that species. Its sporangia, 
oégonia, and odspores are appreciably larger than those of any of the isolates 
of P. cactorum related to these studies (1. 9 to 13, 21 to 22). The o6gonia and 
odspores are, in fact, almost identical in size with those of the soybean Phyto- 
phthora. ‘The latter, however, has non-papillate sporangia, whereas those 
of the sweet clover isolate are definitely papillate (Figs. 9 and 10). Slykhuis 
(26) found PDA to be highly suitable for o6spore production and vegetative 
growth of his fungus. The writer’s sweet clover isolate grew relatively slowly 
on PDA (Fig. 11) and produced no odspores, but on MEA it produced the 
latter in abundance. These considerations suggest some interesting possi- 
bilities as to the etiology of the Phytophthora root rot of sweet clover in south- 
western Ontario. 


TAXONOMY AND NOMENCLATURE 


A search of the literature disclosed two references that seemed immediately 
relevant to the problem of the identity of the soybean pathogen. One of these, 
a description of the species Pyihiomorpha miyabeana |to and Nagai, was 
encountered in the compilation by Waterhouse (31) of the original diagnoses 
of all the described species of Phytophthora. Pythiomorpha miyabeana was 
reported by Ito and Nagai (15) in December 1931 (exact date not stated) 
as causing a rot disease of the seeds and seedlings of rice in Japan. The des- 
cription of this fungus (Table VI, 1. 27-28) comes very close to that of the 
soybean pathogen, even with regard to the production of chlamydospores. 
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In speaking of gemmae, the Japanese authors were no doubt referring to 
chlamydospores. That is quite understandable when it is recalled that in 
mycological texts of that era (8, 9), the terms gemmae and chlamydospores 
were not used with as distinct a connotation as at the present time. The 
second pertinent reference was the report in 1936 by Tomkins et al. (29) 
that Phytophthora megasperma Drechsler was the cause of a destructive root 
rot of cauliflower in California. Referring again to Table VI (1. 19), it will be 
noted that the morphology of the cauliflower pathogen resembles very closely 
that of the soybean fungus. That Tomkins’ et a/. (29) fungus was accepted as 
P. megasperma even though it had sri:ller o6gonia and odspores than the 
type species as described by Drechsler (7), December 19, 1931, is attested by 
the fact that, as mentioned earlier, small- and large-spored forms of the species 
are recognized by Waterhouse and Blackwell (33) in their key of the genus. 

In 1941, Blackwell et al. (5) invalidated the genus Pythiomor pha and stated 
that it should be included in Phytophthora de Bary. Recently, Waterhouse 
(32) reported that the species formerly designated Pythiomorpha miyabeana 
appeared to be almost identical morphologically with the one causing the root 
rot of cauliflower in California and identified by Tomkins et al. (29) as P. 
megasperma Drechsler. Waterhouse did not see a culture of the cauliflower 
fungus but she did study the author’s Ontario soybean Phytophthora and 
another from peach roots in New South Wales and found that the two latter 
appeared to agree with the former in all their morphological features. She 
affirmed that there was no reason for separating these three fungi from Phyto- 
phthora megasperma, even though the maximum size of the oégonia and 
odspores is consistently and appreciably less than in the type. 

In view of the foregoing, the author is of the opinion that the species desig- 
nation of the soybean pathogen should be megasperma. However, because the 
pathogen is so highly specific to the soybean, recognition of it as a variety 
would seem to be justified. Therefore, the trinomial Phytophthora megas perma 
var. sojae is proposed for it. 

The coincidence of Pythiomorpha miyabeana \to and Nagai and Phytophthora 
megasperma Drechsler having both been named in December 1931 raises the 
problem of priority. Strictly speaking, if Ito and Nagai’s publication appeared 
prior to December 19, the date of Drechsler’s contribution, then miyabeana 
should have preference over megasperma; but since megasperma is the first 
name in Phytophthora, and has become well known, it seems best to use it. 
The description of the proposed variety is as follows: 

Phytophthora megasperma Drechsler var. Sojae var. nov. 

Mycelial colonies grow well on corn-meal agar. Maximum growth at 25° C. 
Mycelium, mostly submerged, branches short and irregularly tuberculate, 
2.5-8.0 uw but mostly 3.0-5.2 uw diameter. Hyphal strands often curl to form 
loops or skeins. In deeper medium, small, compact mycelial aggregates often 
produce a bushy or spidery type of growth. Young hyphae, non-septate but 
later septate. Emergent hyphae, sparse, simple, elongated. Sporangia borne 
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on simple, undifferentiated, sparingly branched sporangiophores, obpyriform 
in shape and inconspicuously papillate, ranging in size from 42.5-65.4 X 31.8- 
52.5 uw, averaging 52.5X35.1 uw, and germinating directly by germ tubes or 
indirectly by zoospores; later sporangia produced on the hyphae proliferated 
inwardly through the empty preceding one, or on the hyphae produced by 
subsporangial elongation. Oégonia smooth-walled, globular, yellow to dark 
yellow at maturity, ranging in size from 29.4 to 45.7 w, averaging 36.3 wu. 
Odéspores smooth-walled and spherical, 22.8-35.1 uw, averaging 30.7 uw. Anth- 
eridia mostly paragynous. Chlamydospores, mostly intercalary but often 
acrogenous, irregular or spherical in shape, the spherical ones almost as large 
as the odgonia. Habitat: In roots and stems of G/ycine max L. Merrill, 
Harrow, Ontario, July 7, 1956 Hildebrand (type). 

The type is represented by a culture isolated from a diseased soybean stem 
from a field near Essex, Ontario, in 1956. Material of the type has been 
forwarded to the American Type Culture Collection, Washington, D.C. 


Phytophthora megasperma Drechsler var. sojae var. nov. 

A typo diifert oogoniis minoribus 29.4-(36.3)—45.7 oosporis 22.8- 
(30.7)-35.1 ¢, chlamydosporis praecipue intercalaribus sed saepe acro- 
genis, irregularibus vel sphaericis, si sphaericae parvum minores quam 
oogonia. 

Habitat in radicibus caulibusque Glycine max (L.) Merrill, Harrow, 
Ontarioensis, Canadensium. 


Discussion 


In naming the soybean pathogen P. megasperma var. sojae, the author is 
in disagreement with Herr (10) in Ohio, who identified it as P. cactorum, and 
with Kaufmann and Gerdemann (17) in Illinois, who described it as a new 
species with the designation P. sojae. So far as the writer is aware, proli- 
feration or non-proliferation of sporangia, and papillation or non-papillation 
of those organs, are good specific characters. In the Ohio, the Illinois, and the 
Ontario isolates of the soybean Phytophthora, the writer definitely observed 
proliferation of sporangia, and almost invariably those organs were never 
more than inconspicuously papillate. P. cactorum has non-proliferating 
sporangia, and they are almost invariably distinctly papillate. These differ- 
ences as well as those of a pathological and physiological nature pointed out 
above, offer convincing evidence that the soybean fungus should not be called 
P. cactorum. Nor can the writer agree with Kaufmann and Gerdemann (17) 
in regarding it necessary to create a new species for the soybean pathogen. 


Those investigators regarded the Illinois fungus as not being P. megasperma 
because, for one reason, it had significantly smaller odgonia and odspores than 
that species. The Illinois workers make no reference to the work of Tomkins 
et al, (29), who identified the cauliflower fungus as P. megasperma, the o6gonia 
and odspores of which are comparable in size to those of the Illinois fungus. 
As Blackwell (5) points out, the cauliflower fungus is not an isolated example 
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of a small-spored P. megasperma. The radial growth of an isolate of P. 
megasperma as determined by Kaufmann and Gerdemann after 6 days on 
CMA was approximately twice as great at 20° and two to four times as great 
at 25°C as that of the soybean Phytophthora. In a similar test but with a 
different isolate of P. megasperma, the author got quite different results. 
As indicated in Fig. 22, the radial growth of an isolate of P. megasperma from 
wallflower was after 6 days at 25° on CMA about 14 mm less than that of the 
Ontario soybean Phytophthora. This difference was not appreciably greater 
than that between the Ontario and the Illinois isolates of the soybean 
Phytophthora as indicated in Fig. 20. Thus, a difference in growth rate on the 
medium in question would seem to be of questionable diagnostic significance 
in differentiating P. megasperma from the soybean pathogen. In the present 
investigation, the growth studies have been of as much value in distinguish- 
ing isolates within a species as in differentiating species, except in the case of 
one like P. syringae with sharply determinate growth at 25° C. 

Although the Ontario, the Ohio, and the Illinois isolates of P. megasperma 
var. sojae are indistinguishable morphologically, nevertheless the Ontario 
isolates are more virulent in their pathogenicity than those from Ohio and 
Illinois. Also, the growth studies disclosed that at temperatures from 25 to 
32.5° C, the Ohio and the Illinois isolates grew more extensively than the 
Ontario isolates. The above evidence is regarded as indicating very positively 
the existence of strains of P. megasperma var. sojae. This phenomenon suggests 
implications of practical importance. For example, in a breeding program, 
the resistance and susceptibility of varieties, selections, or introductions 
should be determined on the basis of their reaction to the most virulent of the 
known strains of the pathogen, among which should certainly be included the 
Ontario isolates. 

The existence of strains in the soybean pathogen, especially those of a 
physiological nature, invites speculation as to what factor or factors may have 
been associated with their origin and distribution. As pointed out above, 
Ontario 4-7-56 which was isolated during the hottest part of the summer 
showed appreciably greater growth than 23-9-56 obtained in the cooler autumn, 
especially in the temperature range 15 to 25° C. From 5 to 20° C, the Ontario 
isolates grew appreciably more extensively than those obtained from the more 
southerly locations in Ohio and Illinois, but from 25 to 32.5°, the reverse was 
true. The data suggest that temperature may have been the important selec- 
tive factor in the origin and distribution of strains of the soybean pathogen. 

The demonstration that the soybean and the sweet clover Phytophthora 
isolates are so highly specific to their respective hosts is another finding of 
practical importance. No danger to soybeans should accrue from planting them 
in soil known to harbor the sweet clover Phytophthora, and vice versa. On 
the other hand, the ease with which the soybean pathogen can spread in and 
with contaminated soil suggests the necessity of precautionary measures to 
prevent the infestation of disease-free soil. 
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THE BOTANY OF SOMERSET ISLAND, DISTRICT OF FRANKLIN! 
D. B. O. SAVILE 


Abstract 


The geology, physiography, general appearance, climate and weather, and 
history of exploration of Somerset I. are discussed briefly. The principal 
habitats and the areas visited are described. Data are presented on prevailing 
winter wind directions on Somerset I. and Boothia Pen., drawn from obser- 
vations on residual snowbanks and plant growth. A few phenological data are pre- 
sented, which supply further evidence that spring development at low arctic 
sites lags behind that at both subarctic and high arctic sites. Annotated lists 
are given of the fungi (28 species) and vascular plants (90 species) collected. 
Among the fungi Puccinia helicalis sp. nov. on Pedicularis capitata, and 
Doassansia nearctica sp. nov. on Ranunculus hyperboreus are described; and 
Exobasidium warmingii, intermediate between Exobasidium and Kordyana, is 
made the type of Arcticomyces gen. nov. Thirty-two species of vascular plants 
are added to the recorded flora of the island. 


Introduction 


During the summer of 1958 I had the opportunity to accompany a party 
organized by Prof. J. Brian Bird, Department of Geography, McGill Univer- 
sity, to Somerset Island. The party had on charter a Beaver float aircraft. 
It was accordingly possible, in the course of a month, to work at several 
selected sites. As complete collections as possible were made of vascular 
plants, parasitic fungi, and fleshy fungi. For economy of time, bryophytes 
were taken by selecting all that differed in gross appearance within a given 
major habitat (e.g. marsh, cliff, or dry tundra) and recording them under 
a single collection number. Such a method is unsatisfactory for quantitative 
studies and throws the burden of sorting upon the bryologist who works up 
the collection; but it seemed to be the only practical course for one with a 
meager knowledge of the mosses and very limited time to spare for collecting 
them. Dr. W. C. Steere, who studied W. B. Schofield’s much more compre- 
hensive collections from Cornwallis I., just to the north of Somerset I. (31), 
will work over the Somerset mosses in due course. The fungi and vascular 
plants are dealt with in the final sections of this paper. More time was de- 
voted to the fungi than the small mycoflora may seem to warrant; but it 
must be remembered that the scanty collections previously taken in the north- 
ern part of the Canadian arctic have been the work of explorers, zoologists, 
phanerogamic botanists, physicians, or, in fact, almost any but mycologists. 
In the inevitable paucity of ecological data, and without personal field experi- 
ence from further north than Chesterfield Inlet, I reached Somerset Island 
with a somewhat unrealistic picture of the ecology in particular of the para- 
sitic fungi. Since eventually the northern part of the archipelago must be 
studied by mycologists it has seemed worth while to gather such information 
as would enable them to utilize their limited time in the field to the best 
advantage. 

1Manuscript received February 9, 1959. 
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Specimens were dried over a collapsible aluminum drier, with kerosene 
lanterns as the source of heat. I cannot too highly commend the use of 
such lanterns as a source of heat where electric power is unavailable. If 
the wick is properly trimmed and the height of the flame is checked a few 
minutes after lighting, such a lantern gives an even, gentle supply of heat 
for 24 hours or longer. It is infinitely preferable to pressure heaters, which 
give a dangerously intense heat for a short period and cannot safely be left 
unattended. 


General Description 


Geology and Physiography 

Lying approximately between latitudes 72° and 74° N. and longitudes 90° 
and 96° W., nearly in the middle of the Canadian Arctic Archipelago, Somer- 
set Island has an area of approximately 9450 square miles. It is included 
by Polunin (19) in the eastern arctic, but in some respects it may better be 
regarded as straddling the boundary between the eastern and western arctic. 
The island is bounded on the north by Barrow Strait, on the east by Prince 
Regent Inlet, on the south by Bellot Strait, and on the west by Peel Sound. 

In considering the limits of plants in the arctic it becomes clear that many 
species extend far northward in the extreme east and that some do so in the 
extreme west, whereas the northern limit in the central part of the arctic is 
often much more southerly. It is therefore convenient to speak of the central 
arctic in the discussion of plant distribution patterns, even if we do not 
precisely define its limits. Ampler precipitation and dynamic warming of 
winds descending from the adjoining mountains must account for much of 
the enhanced growth on the Baffin Bay coast. 

Somerset Island is, in a sense, a northward prolongation of Boothia Penin- 
sula, from which it is separated by narrow and fiord-like Bellot Strait. The 
resemblance of this strait to a Norwegian fiord was indeed remarked upon by 
McClintock (14), who first sailed through it. A spine from the Canadian 
shield, running north from Boothia Isthmus, forms much of Boothia Penin- 
sula, continues across Bellot Strait for almost its full width, and extends 
along the western side of Somerset Island for most of its length. Thus 
Bellot Strait, most of the west coast, and much of the western part of the 
interior, including most of the country round Stanwell-Fletcher Lake, con- 
sists of rugged hills of granite or of metamorphic sandstone that much re- 
sembles granite in its effect on vegetation. 

To the east of the granite lies a broad belt of sedimentary rock, nearly all 
limestone, of Palaeozoic and Ordovician age. These friable rocks shatter 
into a porous, arid mantle that is meagerly vegetated. 

The northeastern corner of the island is shown on the Geological Map of 
Canada, 1955 edition (Map 1045a, Department of Mines and Technical 
Surveys), as of Silurian sedimentary rocks. This area, from which most of 
the early plant collections come, was not visited by me. According to Pro- 
fessor Bird it is mostly of limestone. It is a high plateau with coastal cliffs 


| 


SAVILE: THE BOTANY OF SOMERSET ISLAND 961 


ranging up to nearly 1000 ft in height. There are few good beaches or harbors 
on the east coast and in places the cliffs rise almost sheer from the sea. This 
region is well described by Parry (18) in the account of his third voyage. 
On the north coast there are some narrow coastal lowlands with raised beaches. 
Port Leopold at the northeast corner of the island is well protected by a 
towering peninsula. The limestone is friable and apparently weathers to 
as sterile a surface as that of the Palaeozoic and Ordovician limestones exam- 
ined elsewhere. The high plateau, much of it a thousand feet or more in 
elevation, presumably supports a very small flora, but well-watered areas 
below some of the cliffs are probably relatively fertile. 

Until recently most of the elevations recorded for Somerset Island were 
unreliable and some were much too high. The Somerset Island sheet of the 
National Topographic series of maps was, however, reprinted in 1955 with 
corrected elevations, and it now appears that the highest point in the island 
(1600 ft) is in the western part of the central plateau at 73°15’ N.: 94°40’ W., 
a few miles east of a site visited by members of our party and described below. 
Although no high mountains occur, much of the island exceeds 1000 ft, and 
the relief is in general higher than that of Prince of Wales Island directly to 
the west. 


Fauna 

Because of the predominance of arid, shattered limestone the island as a 
whole is meagerly vegetated. The fauna is correspondingly impoverished, 
even the relatively lushly vegetated areas proving disappointing. It is true 
that the lemming crash seemed to have occurred about a year before our visit, 
but apart even from animals noted for cyclical fluctuations in population, 
such as the lemmings, hares, and foxes, the poverty in both species and 
numbers of birds and mammals was conspicuous. We arrived too late to allow 
any formal census of breeding birds to be made, but it was clear that even 
around the base camp and Four Rivers Bay the population must have been 
less than half the 4.8 breeding individuals per 10 acres estimated for Chester- 
field Inlet (23). In the very arid Aston Bay and Cunningham Inlet areas and 
the bleak central plateau the population must have been less than a tenth of 
that at Chesterfield. Parry termed the vegetation south of Elwin Bay 
“extremely scanty, though much more luxuriant than on any of the land, 
near our winter quarters’’ (Port Bowen, Brodeur Peninsula). He later 
remarked ‘‘We have scarcely ever visited a coast, on which so little animal life 
occurs.”’ His remarks, based in part on recollections of better-watered and 
faunistically richer Melville Island to the northwest, aptly express conditions 
133 years later. 


Climate and Weather 

The only weather records available from the island are those kept at Fort 
Ross while that Hudson's Bay Co. post was occupied. The data for the 
pertinent months, from Porsild (20), are given in Table I. 

It should be noted that, although Porsild stated that the Fort Ross records 
run from 1938 to 1950, the record was actually continuous only from mid 1937 
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TABLE I 


Summer weather data at Fort Ross 


Average temperature (° F) 


Pptn. 
Month (in.) Min. Max. Mean 
June 1.01 27 37 32 
July 0.86 34 46 40 
August 1.44 32 41 36 


to mid 1943 (6 full years) with additional broken records in 1944 and 1945, 
according to Mr. L. A. Learmonth, who kept the records (verbal communica- 
tion per Mr. J. Keith Fraser). Such a short period is quite inadequate for the 
establishment of reliable means, but the data give some indication of summer 
conditions. 

The prevailing wind in summer seems to be northeast over most at least, of 
the island. Comparable situations seem accordingly to be more arid on the 
west than on the east coast. However, local topography must greatly affect 
precipitation, and there are indications that much of the high central plateau 
is decidedly wet. 

Our experience in 1958, a much more favorable growing season than 1957 
and probably better than average, was that temperatures above 55° F are 
rare. The highest temperature observed was 58° F on a cloudless day with a 
gentle offshore breeze. Heavy rain fell just before our arrival on the night of 
July 18. Most of the island was covered by fog and heavy cloud continuously 
from July 31 to August 7; and during this time there were several heavy 
showers, but otherwise only a nearly continuous fine drizzle. Apart from this 
very wet and cool period the weather was relatively sunny and indications 
were that it had been good prior to our arrival. Comparison of the heights of 
flowering stems with those that persisted from the previous year in, for 
example, Potentilla, Draba, Carex, and some grasses showed that growth was 
generally markedly greater in 1958 than in 1957. A conspicuous exception 
was Carex rupestris, which fruited more sparingly and with slightly shorter 
stems than in the previous year. It thus appears that the early summer was 
warmer and drier than usual and that precipitation was inadequate on arid 
sites not watered by melting snow, such as C. rupestris typically occupies. 

It may be noted that the climatic sequence of 1957 and 1958 seems to parallel 
that of 1824 and 1825, the years of Parry’s third voyage. In 1824 Parry found 
the ice in Baffin Bay and Cumberland Sound exceptionally heavy and freeze-up 
came early; but of the next year he (18, pp. 104, 151) wrote that “the summer 
of 1825 was, beyond all doubt, the warmest and most favourable we had 
experienced since that of 1818’’, and he observed that plant growth was 
much better than that of the previous year near Fury Beach. 


History of Exploration 


Maps and brief accounts of most of the arctic voyages are presented in a 
bulletin by Robinson et a/. (22), which is unfortunately already out of print. 
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A very useful and more detailed account of exploration in the central parts of 
the arctic up to 1859 is given by Clements Markham (16) in his biography of 
McClintock. 

Somerset Island was discovered by W. E. Parry on his first voyage in Hecla 
and Griper. In 1819 he entered Prince Regent Inlet, named some of the features 
of the Brodeur Peninsula of northwest Baffin I., and touched at Prince 
Leopold Island. He apparently came no closer to the Somerset shore for he 
termed what is now known as Cape Clarence the southernmost of the Leopold 
Isles, failing to see the low isthmus that forms the northern shore of Port 
Leopold, He then sailed westward to Melville Island. In 1820 on his return 
he gave the name North Somerset to the land mass south of Barrow Strait in 
honor of his home county of Somerset. The name Somerset Island was not 
adopted until many years later after it was shown to be an island. 

On his third voyage, in Hecla and Fury, Parry wintered (1824-1825) at Port 
Bowen on the northwest shore of the Brodeur Peninsula. As soon as the ships 
could be freed from the ice Parry crossed over to Cape Clarence and sailed 
down the east coast of Somerset, naming Elwin Bay (Elwyn Inlet of Polunin), 
Batty Bay, Fury Point, Creswell Bay, and Cape Garry, the two last features 
being seen only in the distance from south of Fury Point. The first landing 
was made just south of Elwin Bay on July 25. Next day a landing was made 
south of Batty Bay when the ice closed in and Parry explicitly mentions that 
some plants were ‘‘added to our collection’. Presumably both he and James 
Clark Ross, the lieutenant of Fury, who accompanied him on all his Canadian 
arctic voyages, made collections here, and possibly others did. On July 27 
and 28 they managed to push a few miles further south as the ice opened 
briefly. From then on the ships were almost continuously beset by ice that 
was pressed down the inlet by north or northeast winds, and were generally 
close to what was later called Fury Beach, that is ca. 72°49’ N. On August 1 
Fury was pressed ashore by heavy ice and badly damaged. From then until 
her abandonment on August 26 the crews of both ships worked strenuously to 
unload her, heave her down, and repair the damage; but there are no harbors 
on this stretch of coast and the ice kept driving in to nullify the work. 
Members of both crews were ashore repeatedly, most of Fury'’s crew almost 
continuously, during this period. Doubtless some collecting was done here, 
but time for any activities unconnected with the safety of the ships must have 
been very limited. On August 26 Hecla crossed to Neill’s Harbour (now Port 
Neill) on the Brodeur Peninsula, to water and to restow equipment, and 
thence proceeded home. 

In Hooker’s appendix to the account of the voyage the plants from this 
area are cited as from North Somerset, Port Bowen, or Regent’s Inlet (Prince 
Regent Inlet). The last name could refer equally well to Somerset Island 
or the Brodeur Peninsula, and only the plants cited from North Somerset 
can be accepted; all must have been taken between 72°47’ and 73°28’ N. 
Some specimens in the appendix are credited to Ross, one to McLaren (surgeon 
in Fury) and one to Lieut. Neill. The rest must be credited to Parry; but 
the fact that some species are recorded from Regent’s Inlet as well as Port 
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Bowen and/or North Somerset suggests that two collectors were involved, 
of whom one was more explicit in his localities than the other. James Ross 
was evidently a fine naturalist and he collected a number of inconspicuous 
plants on this voyage. 

Somerset Island was next visited by John Ross, accompanied by his nephew 
James Ross. After failing to secure backing from the Admiralty, John Ross 
secured the patronage of Felix Booth, a wealthy distiller, and sailed from 
Scotland in 1829, to search for a northwest passage, in Victory, a small vessel 
with paddle wheels and an apparently most ineffective auxiliary steam engine. 
The ship passed through Prince Regent Inlet, along the east coast of Boothia 
Felix (Boothia Peninsula) and was frozen in at Felix Harbour on Lord Mayor 
Bay at the east end of the Boothia Isthmus. It was from this base that 
James Ross made several notable journeys and located the magnetic pole 
(then on the west coast of Boothia Peninsula). The ship could not be extri- 
cated from the ice and was abandoned at Victoria Harbour, just north of Lord 
Mayor Bay, in May 1832. The crew sledged north, passing close to the 
entrance of Bellot Strait but not recognizing it as a sea passage, until they 
reached Fury Beach, familiar to James Ross. Here they stayed until August 
1833, when they went in the ship’s boats to Lancaster Sound and were picked 
up by a whaler. The only Ross specimen cited by Polunin specifically from 
Fury Beach (which was not named in 1825) is one of Saxifraga flagellaris. 
It seems surprising that so competent a naturalist as James Ross should have 
spent a year here with no more to show for it, but presumably all available 
space in the boats was devoted to food from Fury’s stores, which were still 
on the beach. Moreover he probably saw little that he had not collected 
previously on this coast. 

In 1848 the Admiralty sent an expedition under James Ross, in Enterprise 
and Investigator, to search for Franklin. The ships wintered at Port Leopold. 
In the spring sledge parties went in various directions, looking for signs of 
Franklin's party and leaving messages at strategic points. Ross and F. L. 
McClintock travelled across the north coast of Somerset and down the west 
coast as far as Four Rivers Bay. It was too early for botanical collecting, 
but McClintock collected fossils. This trip was of historic importance be- 
cause, on the basis of their deficiencies in diet and equipment, McClintock 
devised the sledging techniques that permitted his memorable later journeys. 
Before the ships were freed from the ice on August 29 for the return trip, 
McClintock evidently found time to collect a few plants, for Markham (16) 
lists six species taken by him at Port Leopold. 

The large search expedition of 1850-1851 under Austin, in which notable 
sledge journeys were made, especially by McClintock and Mechan, operated 
to the west, southwest, and northwest of our area. 

In 1851 Lady Franklin equipped a search party under Capt. Kennedy in 
Prince Albert, with Lieut. Bellot of the French Navy as his lieutenant. The 
ship was wintered in Batty Bay. In spring Kennedy and Bellot sledged 
south with a small team of dogs, discovering and passing through Bellot 
Strait. They turned north, rather than south as they had been instructed 
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to do, completed the mapping of the coast, crossed the island from Four 
Rivers Bay, and returned to the ship. Apparently no specimens were taken. 

After Rae, in 1853-1854, travelled overland to the west coast of Boothia 
Peninsula and brought the first word of the fate of the Franklin expedition, 
Lady Franklin commissioned McClintock to make a final search. The steam 
yacht Fox was refitted and strengthened, and a small but picked crew was 
engaged. Fox was caught in the Baffin Bay ice in 1857, but made good speed 
next year and entered Bellot Strait on August 21. The ice of the strait was 
finally forced but solid ice inshore prevented much progress southward and 
the ship was wintered in Port Kennedy near the east end of the strait. After 
autumn and winter depot trips, in early spring McClintock, Hobson, and 
Young made long sledge trips, filling large gaps in the map of the coasts to 
the west and southwest and finding the records and many relics of Franklin’s 
crew. The ship’s surgeon and naturalist, Dr. David Walker, remained with 
the ship to care for casualties and made extensive plant collections, many of 
them doubtless from the nearby rugged mass of Mt. Walker, which com- 
memorates his participation. ‘This was the first extensive collection, with 
precise localities recorded, to be made on the island. Markham has a portrait 
of Dr. Walker and mentions that he was living at Portland, Ore., in 1907, 
just before McClintock’s death. Polunin notes that his specimens are at 
Edinburgh and Kew, and, between literature records and specimens that he 
had seen, credits him with 35 to 43 species, the exact total being in doubt 
because no individual records are cited for ubiquitous species. 

With the conclusion of the search for Franklin, interest in the region of 
Somerset Island waned for many years. Only two botanical collections 
appear to have been made on the island between 1858 and 1958. In 1873 
A. H. Markham (15) collected eight species between Elwin Bay and Cape 
Garry. In 1927 M. O. Malte collected a number of plants, especially grasses, 
at Port Leopold. Polunin also records that there is a specimen of Saxifraga 
flagellaris in Kew collected in 1875 by A. C. Horner on Limestone Island 
just to the northwest of Somerset Island. 

Parry, James Ross, and McClintock were all competent naturalists who 
collected many plants when circumstances permitted. But their collecting 
on Somerset Island was limited by serious circumstances or the time of year 
in which they travelled. Thus no reasonably complete understanding of the 
island’s flora has hitherto been possible. 

The locations from which Polunin records collections, with positions 
corrected where necessary, are listed below together with my own collecting 
sites and a few pertinent notes. These locations are also marked on the 
accompanying map (Fig. 1). 

Limestone Island; 74°06’ N.: 95°23’ W. Horner (1875). 

Port Leopold; 73°52’ N.: 90°20’ W. McClintock (1849), Malte (1927). 

Elwin Bay; 73°33’ N.: 90°52’ W. Markham (1873) collected a few plants 

between here and Cape Garry. Parry first landed just to the south at 
73°27’ N. 
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73°30 4 


73° 44 
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Limestone Island 
Port Leopold 
Elwin Bay 

Fury Beach 
Cape Garry 
Port Kennedy 
Base Camp 
Four Rivers Bay 


Aston Bay 


Cunningham Inlet 


Central Plateau 
S.E. Stanwell-Fletcher L. 


ERO 6 


Fic. 1. Sketch map of Somerset I., showing botanical collecting sites. River systems 
are shown only approximately, with many tributaries omitted. The abandoned Hudson’s 
Bay Co. post of Fort Ross is on the west side of the bay immediately east of Port Kennedy. 
Hazard Inlet is the larger, landlocked bay between Fort Ross and the base camp. 
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Fury Beach; 72°49’ N.: 91°53’ W. Parry, J. C. Ross (1825), J. & J. C. Ross 
(1832-33). 

Cape Garry; 72°28’ N.: 94°20’ W. Markham (1873). 

Port Kennedy; 72°02’ N.: 94°10’ W. Walker (1858). Unnamed on modern 
maps, just south of Mt. Walker. 

Base Camp; 72°05’ N.: 94°10’ W. Savile (1958). Includes Hazard Inlet and 
vicinity of Mt. Walker. 

Four Rivers Bay; 72°46’ N.: 95°35’ W. and inland to ca. 72°50’ N.: 95°30’ W. 
Savile (1958). 

Aston Bay; 73°39’ N.: 94°45’ W. Savile (1958). 

Cunningham Inlet; 74°06’ N.: 93°45’ W. Savile (1958). 

Central Plateau; 73°15’ N.: 94°50’ W. Savile (1958). 

Southeast of Stanwell-Fletcher L.; 72°39’ N.: 94°45’ W. Savile (1958). 


Description of Principal Habitats 


Limestone Barrens 

The frost-shattered limestone that covers much of the island is extremely 
arid and sterile. East of the base camp, at Aston Bay and at Cunningham 
Inlet it was not uncommon to see areas of up to 10 acres of coarsely shattered 
limestone, on hill tops and upper slopes, with few lichens and not a single 
vascular plant. The severe heaving and frost-shattering makes the surface 
very porous. The limestones vary conspicuously in physical properties. The 
hardest weather slowly enough to accumulate lichens on their surfaces fairly 
readily, but such are in an extreme minority. The softer ones weather rapidly, 
either by solution or by crumbling and flaking, and it is difficult for lichens to 
become established upon them except on the lower slopes where fine calcareous 
muds accumulate to form a soil of sorts. Thus the development of plant cover 
on the tops of hills and ridges is very difficult, because the lichens that initiate 
a water-retaining surface are not readily established. 

Once lichens are established a few mosses and such vascular plants as 
Dryas integrifolia and Saxifraga oppositifolia appear. Further vegetation 
seems to require additional water supply and, eventually, nitrification. The 
stimulus of increased water supply is clearly seen round large boulders. Where 
much of the summer precipitation takes the form of protracted fog or drizzle 
the runoff from these boulders is an important supplement and often results 
in a lush mat of vegetation, usually about 15 to 30 cm wide, round the edge 
of the boulder. This is not primarily a result of nitrification, for the effect is 
much less marked about tall, narrow rocks that are favored as owl perches 
and points of call for foxes than about broad and often shallow rocks. In 
fact one of the most strikingly enriched areas that I found was about a large, 
flat rock that was flush with the surface of the gravel. Once the runoff has 
stimulated the establishment of Saxifraga nivalis, S. cernua, Draba spp., 
Papaver radicatum, and perhaps one or more grasses, then lemmings are 
attracted, which, in turn, attract owls and foxes; nitrification then becomes 
marked, which seems usually to favor the grasses at the expense of other 
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plants. It is probable that in areas with substantially higher rainfall, and on 
acidic rocks where there is not the physiological aridity of the limestone in 
addition to physical aridity, nitrification may be a primary stimulus; but on 
the dry limestone ridges near the base camp, where I had the best opportunity 
to study these effects, nitrification was definitely secondary. In fact, I suspect 
that in sites of extreme aridity, it may be deleterious alone, for it would tend 
to raise the ratio of shoot to root. 


Fertile Cliff Bases 

The fertile patches about boulders are too small to maintain a large flora. 
They usually simply support a dense and luxurious growth of species that 
occur sparingly nearby in less favorable situations. 

A more striking type of favorable site for upland plants can occasionally be 
found near the base of a cliff. It must be understood that on the gravelly 
rolling barrens there is usually a rather sudden transition from the arid 


ridges to the permanently wet marshes and sedge meadows where soil aeration — 


is inadequate for upland plants. Seepage from a cliff provides a steady supply 
of moisture, without flooding, to plants on the lower ledges, the talus slopes, 
and occasionally on gradual slopes below the talus although the last are 
usually marshy. Except on gradual slopes well away from the cliff foot a 
well-developed cliff-base flora is found only where the cliff faces approximately 
into the prevailing winter wind. Cliffs facing away from the wind accumulate 
so much snow on their lower ledges and talus slopes that they become 
uncovered too late in the summer to support many plants. 

Three good examples of this type of habitat were seen. The first was a 
shallow slope some 50-75 yd from the talus foot of a south-facing limestone 
cliff on the north side of Hazard Inlet, southeast of base camp. The talus 
itself was dry, as was the uppermost beach ridge, but extensive seepage 
occurred throughout the summer further down the slope. Some of the slope 
was marshy; but, owing to beach ridges and the walls of about fifty half- 
buried Thule stone houses, other parts were relatively dry and the whole 
area was richly vegetated. Saxifraga caespitosa was abundant, unusually 
large and frequently two-flowered at this site; and it was heavily infected by 
Melampsora epitea, which was seen on this host only here and on one other 
cliff site. 

The second site was the lower ledges of a west-facing cliff in the granite 
hills southwest of base camp and not far from Walker’s collecting area around 
Port Kennedy. The base of the cliff had been deeply covered by snow and 
showed little growth on July 24, but up on the ledges growth was rich and 
varied. Saxifraga cernua ranged up to 34 cm in height. S. tricuspidata was 
also well developed; and this and the next site were the only places where its 
rust, Puccinia passchket var. tricuspidatae, could be found. 

The third site was just inland from Four Rivers Bay in a valley that 
connects, via a series of lakes and ponds, with Stanwell-Fletcher L. and the 
east coast. This may well have been the route by which Kennedy and Bellot 
returned to their ship. Here there is a very large cliff of strongly metamor- 
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phosed sandstone facing south, southeast, and east. The lower ledges and 
upper talus of the stretch of cliff facing southeast formed the richest botanical 
site found on the island. Several plants were taken here that were not seen 
elsewhere, including Lycopodium selago, Cystopteris fragilis, Cerastium regelii, 
Stellaria laeta, Lychnis triflora, and Campanula uniflora. Most plants were 
taller than usual, e.g. Saxifraga caespitosa up to 17 cm high with often two 
or even three flowers, S. hieracifolia (rare elsewhere) up to 35 cm high, and 
Pedicularis capitata 12-20 cm high (5-10 cm at other sites). Nine species of 
vascular plants bore parasitic fungi, some of these providing the most northerly 
records from the Canadian arctic. 


Gravel Tundra 

Dry tundra, notably on limestone gravel, bears few vascular plants other 
than prostrate mats of Dryas integrifolia and densely pulvinate Saxifraga 
oppositifolia. On acidic gravels, where mosses and lichens become estab- 
lished more easily, or on low ground where more moisture is available, S. 
oppositifolia has a much laxer habit, D. integrifolia tends to form hummocks 
up to 10 cm high, and many other plants appear, e.g. Draba spp., Saxifraga 
spp., Papaver radicatum, Salix arctica, Pedicularis lanata, P. capitata, and 
Chrysanthemum integrifolium. 

On gravelly banks, Oxyria digyna and Cassiope tetragona are generally 
abundant, but the latter is usually sterile unless the exposure is nearly against 
the winter wind. 


Sandy Bluffs 

Sandy bluffs are occasionally seen on the edges of stream valleys. If 
adequately watered from higher slopes they may be productive. One bluff 
north of the base camp, enriched by the occurrence of old and recent fox 
dens, yielded Potentilla nivea, P. rubricaulis, Taraxacum phymatocarpum, 
and a rich development of Festuca baffinensis. : 


Well-Watered Sand 

Sandy banks of streams and ponds that are porous enough to become frost- 
free promptly, but remain wet most of the summer as the streams and ponds 
rise during the main runoff, may support a limited flora with plants of un- 
usual height. Alopecurus alpinus, Cerastium beeringianum, Lychnis apetala, 
and Arenaria rubella were unusually tall on two such sites, the last species 
being 6-8 cm high and in habit much resembling Sagina nodosa. Once such 
banks develop a closed cover and a substantial layer of humus the insulating 
effect of the covering delays the spring thaw, permafrost remains near the 
surface and the plants are no longer unusually tall. 


Sedge Meadow and Marsh 

Moist tundra grades into sedge meadow and the latter into marsh. Erio- 
phorum triste, Carex misandra, C. membranacea, Arctagrostis latifolia, and 
Dupontia fisheri may provide much of the cover in the sedge meadows; Saxi- 
fraga hirculus var. propinqua, Lychnis apetala var. arctica, Eutrema edwardsti, 
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and Pedicularis arctica are frequently interspersed; and Saxifraga foliolosa, 
Cardamine bellidifolia, Chrysosplenium spp., Equisetum variegatum, etc., 
occur more rarely. In true marshes with permanent standing, or more fre- 
quently flowing, free water most of the interspersed plants listed above tend 
to drop out, and Eriophorum scheuchzeri, Pleuropogon sabinei, and Pedi- 
cularis sudetica may be added. The water table in the marshes seems to be 
nearly constant and the flora is presumably limited largely by the lack of 
soil aeration. 

Although a few species of Sphagnum occur in northern Baffin, Devon, and 
even Ellesmere Is., none were seen on Somerset. Other mosses occur plenti- 
fully in the marshes and wet meadows, but none seem to have the ability to 
block water movement sufficiently to allow typical bogs to form. 


Sea Beach and Brackish Flat 

No distinctive sea beach flora occurs on any sand, acidic gravel, or calcareous 
gravel beach visited. Avrenaria rossiit, A. rubella, Cerastium beeringianum, 
Polygonum viviparum, and a few other plants may occur sparingly on the dry 
sand above storm tide level. Brackish flats near spring tide mark or, especi- 
ally, behind a barrier beach yield a few distinctive plants such as Stellaria 
humifusa, Cochlearia officinalis, Puccinellia bruggemannii, and occasionally 
Cardamine pratensis or Carex ursina. 


Description of Sites Studied 


Base Camp 

The camp was situated 2 miles north of Hazard Inlet on a ridge immediately 
east of a narrow lake that runs 2 miles north and south. This is the lake 
shown just west of Mt. Oliver on the 8 mi to 1 in. map in the National Topo- 
graphic Series. The surrounding country is of low limestone hills or ridges, 
of which Mt. Oliver, the highest in the immediate neighborhood, is 460 ft. 
The hills and ridges are separated by marshes and ponds or small lakes. 
Although physically similar to Aston Bay and Cunningham Inlet, this area 
seems to be slightly less arid than either, probably because the east coast 
receives more fog and drizzle than the west. The shore of the east coast is 
very sterile except for a few small seepage areas, but that of Hazard Inlet, 
south of the camp, is better watered and provides some brackish habitats. 
Some miles to the west and southwest the granite hills of the shield provide a 
variety of habitats. The granitic sand and gravel outwash of the streams 
debouching from the shield harbor extensive colonies of Epilobium latifolium, 
which was not seen on the calcareous gravel. 

Collections were made on the shield on July 24, at which time the grasses 
were not yet in anthesis, and a return trip was planned for early August. 
Weather conditions prevented this trip; and, by the time I was again at the 
base camp in mid-August, the upland grasses were overmature. A few 
grasses may thus remain to be discovered on the granite north of Port Kennedy 
that were not found in the calcareous lowlands nearer the camp. 
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Sixty-one species and one variety of vascular plants were collected on the 
limestone near the base camp, and three additional species were taken on 
the granite. 


Four Rivers Bay 

A camp was occupied from July 28 to August 3 at the head of a lake north- 
east of Four Rivers Bay. Doubtless the name they applied to the bay 
seemed apt to Ross and McClintock at the beginning of June, but at the end 
of July we saw one river worthy of the name, one very small stream that was 
easily stepped over, and two dry water courses. Collections were made on 
stony tundra, granite outcrops, marshes, and sandy areas between the camp 
area and the sea; and along the remarkable cliff northeast of the camp, which 
is described in the preceding section. Sixty-eight species of vascular plants 
were collected. 


Aston Bay 

A camp was occupied at the mouth of a river in the southeast part of Aston 
Bay from about midnight of August 7 to early August 11 (3 working days). 
This is an extremely arid area of shattered limestone ridges rising to about 
700 ft. A shallow, marshy valley and seepage areas along the steeply cut 
river bank were moderately well vegetated; but the drier areas proved to be 
exceptionally sterile, suggesting that the fog and drizzle brought by the 
prevailing northeasterly wind is largely cut off by the high land to windward. 
Sandstone occurs some miles to the southwest of the campsite, but circum- 
stances prevented my visiting it. As examined through fieldglasses from a 
plane flying at low level, the formation seemed to be almost as sterile as the 
limestone. 

Fifty-one species of vascular plants were collected. This figure agrees quite 
closely with the 47 species recorded by Schofield and Cody (30) from southern 
Cornwallis Island, which must be very similar climatically and geologically. 
Thirty-four species are common to the two lists. The 13 species recorded 
from Cornwallis that were not found at Aston Bay show plainly that further 
time and a larger territory are needed to assess the flora of so sparsely 
vegetated an area. Of the 17 species found only at Aston Bay several probably 
owe their occurrence there to the proximity of the granite, but a few will 
probably be found eventually on Cornwallis. Incidentally my list supports 
Schofield and Cody in their contention that certain species are absent from 
Cornwallis. Thus Saxifraga tricuspidata and Cassiope tetragona were seen 
neither at Aston Bay nor at Cunningham Inlet, and Vaccinium uliginosum is 
not recorded from Somerset Island. On the other hand, although Poa arctica 
var. arctica was not seen at Aston Bay, var. vivipara did occur there sparingly. 


Cunningham Inlet 

A brief stop was made on August 11 and selective collecting was done, 
principally of parasitic fungi. No vascular plants were found that do not 
occur at Aston Bay and the two areas proved to be extremely similar in most 
respects. 
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Central Plateau 

A brief stop was made on August 11 at a lake at 1100 ft elevation in the 
western part of the central plateau and collections were made at between 1100 
and 1200 ft. This site is 3 miles west of the highest point in the island (1600 ft). 
It consists of shallow granite ridges, boulders, and shallowly shelving sandy 
slopes. All the slopes were springy and are apparently perpetually wet even 
in such fine seasons as 1958. Most of the sand had a closed cover of mosses 
and lichens, but the flora of higher plants was extremely limited. In the first 
40 minutes 11 species of vascular plants were found and no others could be 
added in the remaining 20 minutes. These 11 species thus seem to represent 
nearly the total flora of higher plants for the slopes examined and possibly for 
a much wider area. They are listed in Table II with their heights and those of 
the same species from elsewhere in the island. It will be seen that most species 
were severely stunted at this site. The only pronounced exception was 
Alopecurus alpinus, in which the abundant water supply evidently com- 
pensated for low temperature and short growing season. 


TABLE II 


Height at maturity of plants on central plateau and more favorable sites 


Height (cm) on Height (cm) 

Species central plateau at other sites* 
Alopecurus alpinus 13.0-18.0 10.0—20.0 (28.0)t 
Phippsia algida 4.0- 5.5 Not seen 
Luzula nivalis 3.0— 6.0 8.5-16.0 
Papaver radicatum 6.0- 9.0 7.0-21.0 
Cardamine bellidifolia 2.8 2.5- 3.3 
Draba oblongata 1.3- 2.2 2.2- 4.2} 
Saxifraga cernua 9.0-12.0 7.0-20.0 (34.0) 
Saxtfraga foliolosa 4.0- 7.0 7.0-15.0 
Saxtfraga nivalis 7.0- 8.5 4.5-15.0 (17.0) 
Saxifraga oppositifolia Vegetative 
Saxtifraga rivularis 1.9- 3.0 2.4— 5.5 


*Excludes plants severely stunted by drought or from late snow areas. 
Figures in parenthesis are maxima for unusually favorable sites. 
Arid site at 700 ft. 


It will be seen that the range of height is small for any species on the central 
plateau, probably in large part because of the uniform water supply. Thus 
the minimum height on the plateau is sometimes greater than that for lowland 
sites where water deficiency may be serious, although obviously depauperate 
lowland specimens have been excluded from the table. The maximum heights 
are, however, conspicuously less on the plateau than near sea level. 

It is clear that the low mean summer temperature and shortened growing 
season on the plateau combine to limit growth severely. The air over the 
island being usually decidedly moist, the lapse rate must ordinarily be sub- 
stantially below the dry adiabatic rate of 5.5° F per 1000 ft, but even so the 
air temperature of this plateau site probably averages 3—4° F cooler than the 
lowland sites visited. Growth must be further checked by the more frequent 


t 
J 
s 
s 


3 
| 
é 

4 


SAVILE: THE BOTANY OF SOMERSET ISLAND 973 


cloud cover reducing insolational heating of the ground. The mean summer 
temperature at the surface of the soil may well be fully 5° F below that at 
most lowland sites—a difference of crucial importance in view of the sea-level 
July mean temperature of 40° F at Fort Ross. The amount by which the 
growing season is shortened at elevations of over 1000 ft, which are common 
on the plateau, cannot be determined but it must be substantial. It is 
significant that in 1825, an exceptionally good summer, Parry noted on 
August 26, as he left the coast, that the higher slopes were covered with new 
snow. 


Southeast Shore of Stanwell-Fletcher Lake 

A brief stop was made on August 11 near the contact between the granite 
and the limestone, and selective collecting was done on the granite. Well- 
watered sandy slopes, clothed chiefly by Carex membranacea and C. misandra, 
stretched from shallow granite outcrops to the lake shore. No conspicuous 
cliffs were within reach, but even at the base of some of the small outcrops 
growth was markedly more vigorous than on typical tundra. The most 
significant find was a substantial colony of Salix richardsonii on the marshy 
lower part of the slope. The plants were about 15-20 cm high, about half as 
high as those in similar situations at Spence Bay, and had fruited appreciably. 


Prevailing Winter Wind Direction on Boothia and Somerset 


Both for its intrinsic interest and for its bearing on plant development and 
distribution, all possible evidence on winter wind directions was secured 
throughout Somerset Island and Boothia Peninsula. Ideally, snow accumula- 
tion as a guide to wind direction should be studied in late spring when long 
drifts down wind from obstructions allow an accurate measurement. But 
even in midsummer approximate directions may be determined in country 
with sharp relief. Small gullies in a plateau may fill completely with drifted 
snow; but, in valleys of substantial width and with steep walls, drifting snow 
spills over and accumulates at the base of the windward wall. Interpretation 
must be made with some caution. Thus snow blowing across a plain will 
accumulate just short of the base of a bluff or cliff rising above the plain; 
i.e. at a cliff facing the wind. Moreover, local topography may cause eddies 
that will result in anomalous local distribution of snow. Nevertheless, it is 
often a simple matter to determine the approximate wind direction from both 
ground and air observation in suitable country. 

At Spence Bay, on the southwest side of the Boothia Isthmus, the anemo- 
graph records show that the prevailing wind direction is northeast in both 
winter and summer (personal communication from Mr. Eric Mitchell). 
Botanical observations in late summer offered some confirmation of this 
direction. Growth was better, the flora more varied, and parasites more 
abundant on east and southeast than on southwest slopes where development 
was retarded. (Northeast slopes were poorer than east or southeast ones, 
probably because of undue shading in spring.) For example, Vaccinium 
uliginosum, here apparently at its northern limit, was found only on the talus 
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of a southeast cliff. It is probable that the surface wind direction at Spence 
Bay is governed to some extent by topography, for both the bay and the lakes 
and valleys of the isthmus run northeast and southwest. 

In flying over the Precambrian spine of Boothia Peninsula on July 26, 
when the residual snowdrifts were still substantial but level ground was bare, 
it was plain that the prevailing wind of the previous winter had been between 
west and northwest, probably about west-northwest. In southern Somerset 
it was clear that the wind had been approximately west, all the banks being 
strictly east-facing. Local botanical observations, notably at the second 
cliff site mentioned under Habitats, showed that this is the usual winter wind 
direction. Local topography may again have some effect on the direction 
of the surface wind, for three notable fiords, Bellot Strait, Macgregor Laird 
Lake, and Fitz Roy Inlet, all run nearly east and west; but the wind direction 
over much of Boothia Peninsula is not so simply explained. The prevailing 
summer wind direction at the base camp was definitely northeast in 1958; 
and, to judge from Parry’s account and our own observations, this seems to 
be general for the island. 

When we were flying northwest from the base camp to Four Rivers Bay 
on July 28 it could be seen that this westerly winter wind persisted to about 
72°30’ N.; then, after we had crossed a narrow confused area, it was clear by 
about 72°45’ N. that the drifts were nearly west-facing, indicating a winter 
wind between northeast and southeast. At Four Rivers Bay the steep west 
slopes were botanically impoverished where they were not still snowclad, 
and the richest site was the southeast cliff described under Habitats. 

Aerial and ground observation in the northwest part of the island in early 
August suggested that an easterly or northeasterly prevailing winter wind 
extended all the way to Barrow Strait; but most of the snow had now melted, 
and the terrain at Aston Bay and Cunningham Inlet was unsuitable for 
accurate estimation of direction because sheer cliffs were few and the limestone 
talus was generally poorly vegetated regardless of exposure. 

Probably the pattern of wind directions is more complex than these few 
observations indicate, but in any event the abrupt changes that have been 
noted are surprising. Although their full explanation remains obscure, 
surface relief doubtless plays a part in it and at even a short height above 
the surface the pattern is probably much simpler. 

Landsberg (12) has recently published diagrams showing the prevailing 
wind direction along the meridian 80° W., some 10—15° east of the area with 
which we are concerned. He shows an easterly component in January be- 
tween 75 and 78° N., and in July between 71 and 79° N. If such a shift 
occurs in our region also, it would explain some of the observations presented 
above. 


Phenology 


On our arrival from Churchill, Man., at base camp on July 19 so many species 
were already in or beyond full bloom that orthodox phenological records were 
out of the question. By observing a few ubiquitous species, notably Dryas 
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integrifolia, in dry, early sites, it was nevertheless possible to make a rough 
comparison with places further south. It appeared that base camp was 
fully as advanced as Churchill (58°47’ N.) and probably a few days ahead 
of it, and very far ahead of Baker Lake (64°19’ N.), where we made a refuelling 
stop on July 18. On July 26 Dryas integrifolia and Pedicularis capitata at 
Spence Bay (69°30’ N.) in the most advanced situations were about 5-7 days 
behind the same species at base camp. 

These observations complement the data of Bruggemann and Calder (3), 
who contrasted phenological observations at Alert (82°30 N.) with those at 
Chesterfield Inlet (63°21’ N.), Coral Harbour (64°09’ N.), and Frobisher Bay 
(63°45’ N.). Even after allowing for the fact that the Chesterfield records 
were based on an unusually late spring, it is clear that the growing season 
opened at Alert somewhat earlier than at the low arctic stations. By early 
July, Alert seemed to have lost its advantage and by late July the low arctic 
stations had pulled far ahead. I cannot compare our base camp with Alert 
early in the season, but it may be noted that Saxifraga tricuspidata and S. 
hirculus, which Bruggemann first found in flower on July 24 and August 5 
respectively, were both well into flower when I first saw them on July 21. 

Thus spring development seems to be progressively later as one goes north 
through Churchill to about Baker Lake and Chesterfield; but as one goes 
north again to Spence Bay spring comes slightly earlier and in southern 
Somerset it is earlier still. There is a clear need for early flowering dates 
from places such as Spence Bay, Arctic Bay or Pond Inlet, Resolute and 
Craig Harbour, to complete the picture. 

Apart from factors such as depth of snow cover, it appears that in the 
subarctic the rate of progress in spring is governed largely by solar elevation, 
and that in the high arctic continuous daylight is the important factor. In 
the low arctic, where neither factor operates to full advantage, early spring 
development may be latest of all, but such stations quickly pull ahead of 
the very high arctic, and their more favorable summer is reflected in taller 
plants and a larger flora. Comparisons of central arctic stations with those 
on or near Baffin Bay should be used with caution, because the relatively 
benign climate of the extreme eastern arctic may be expected to obscure 
much of the effect of latitude. 


Fungi 
GENERAL DISCUSSION 


The fungi of the Canadian arctic are so meagerly known that something 
more than an annotated list seems to be in order for a discussion of the first 
high-arctic island visited by a mycologist. 

Collections were made of all fungi that were seen, but particular attention 
was devoted to the parasitic fungi, which have peculiar survival problems in 
the arctic. I have already (24) indicated some of the adaptations of the rust 
fungi that enable them to complete their essential life cycles in a short season. 
Thus the orthodoxly pleomorphic, heteroecious rust can scarcely persist north 
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of tree line, because the season does not regularly permit establishment on the 
alternate host, nor the spread needed to maintain the population and complete 
the life cycle. Unless there is an adaptation that will permit it to survive on 
one host or the other by an optional short-circuiting of the normal life cycle, a 
heteroecious species will not survive in the arctic. Autoecious, long-cycled 
rusts may persist somewhat further north than heteroecious species, but they 
also are limited to a low arctic belt unless provided with special adaptations. 
Thus Puccinia hieracii, not P. variabilis as reported by Linder (13), occurs 
on Taraxacum spp. at Chesterfield Inlet, but has not been found further 
north; and Uromyces lapponicus occurs somewhat further north on Oxytropis 
spp., but only because it is systemic and perennial in its aecial state. 

Strictly parasitic fungi that are not systemic lead a precarious existence in 
the high arctic, for their survival depends upon the host growing actively for 
a critical minimum period every year. They occupy a position analogous to 
that of annual flowering plants, whereas systemic species are comparable to 
perennial plants, neither being exterminated by a season that does not allow 
reproduction. Thus it is found that the proportion of systemic species in the 
arctic is substantially higher than further south. 

In the discussion of habitats it was pointed out that the richest flora develops 
in a few favorable situations that are uncovered early in the spring yet have 
an adequate water supply, without flooding, during the summer. ’ Such sites 
are by far the best places to find parasitic fungi. Puccinia pazschkei var. 
tricuspidatae, so common on Saxifraga tricuspidata in the southern part of its 
range, was found only on two fertile cliff sites on Somerset. The excellent 
cliff at Four Rivers Bay yielded eight species of parasitic fungi (ten host 
records), of which four were further north than any collections known to me. 
From rather slender evidence I also suspect that these fertile cliff bases and 
ledges may be the best places to collect fleshy fungi; at least the best-developed 
specimens are likely to be found upon them. Moist lichen tundra, sedge 
meadows, and, in the low arctic and subarctic, sphagnum bogs frequently 
bear very small yellow or brown agarics, principally Galerina spp., that are 
usually unidentifiable. What may be in part the same species occur as much 
larger fruit bodies in more favored sites. This observation points to the 
possibility of collecting some of these depauperate specimens, with a small 
amount of soil, at arctic stations with regular air transportation, and shipping 
them south for replanting into fertile soil. If a technique could be developed 
for prolonging their development a better understanding of the taxonomy of 
the arctic agarics might be reached. In any event mycologists who visit the 
high arctic will be well advised to search out these productive sites where a 
substantial proportion of the total mycoflora of the area may concentrate. 

The fact that more than a third of the fungi listed below are hitherto 
unreported from the nearctic and that two are new species clearly shows that 
mycology in the Canadian arctic is still in the pioneer stage of development. 
Several other species are here reported substantially north of their previously 
recorded limits. .Under the circumstances it is not possible to say how closely 
this list approaches the total fungus flora of the island; but doubtless a number 
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of additions might be made, particularly among the inconspicuous saprophytic 
microfungi to be found on dead leaves and stems. An island more than four 
times the size of Prince Edward Island obviously cannot be covered fully in a 
month. Previous records from the arctic islands are too fragmentary to 
constitute a guide. Thus Linder (13) was able to report only five species (all 
from Dundas Harbour, Devon Island) for Polunin’s District 2, which includes 
Devon, Cornwallis, and Somerset Islands. In contrast, a great many species 
are recorded by Dearness (6) or Linder that are not reported for Somerset. 
However, the majority of these records are from much further south (the 
mainland, Southampton Island, or southern Baffin Island), where the phanero- 
gamic flora is much larger than that of Somerset Island; and it is reasonable 
to suppose that a large proportion of the low-arctic or subarctic species 
recorded by these authors are absent from the central part of the archipelago. 
Some of them may prove to go further north on the Baffin Bay coast; but here 
climatic conditions are very different from those in the center of the archi- 
pelago, allowing many vascular plants to run far north. 

The search for microfungi in the arctic is complicated by frequent high 
winds, which blur vision, keep plants in motion, and interfere with the use of 
a hand lens. The importance of this complication is indicated by the fact 
that three of the species listed below were collected accidentally and found 
later during examination of their host plants, despite such fungi being generally 
more conspicuous on fresh than on dried plants. 

It is seldom possible to make an even approximately complete collection of 
Agaricales from a district in a single season; for any one mycelial colony may 
fruit only once in several years, according to climatic conditions. The number 
of fleshy fungi found only once on Somerset shows the inadequacy of coverage, 
but it also suggests that diligent searching of favorable habitats will eventually 
produce many new records from the arctic. 

The handling of specimens of agarics in the arctic, with poor facilities 
and with limited time to spare from general collecting, presents various 
problems. One such problem is that of obtaining spore prints. I tested a 
method on Somerset that may, with proper development, largely solve this 
difficulty. The stipes of freshly gathered agarics were pushed through holes in 
sheets of paper. The sides of the sheet were folded upward and overlapped 
across the pileus. The ends of the sheet were then folded down into a perpen- 
dicular position, making a support that held the fruit body vertical, and the 
wrapped specimen was placed in a paper bag marked with the collection 
number. The bag was left in a cool place for some hours to allow a spore 
print to be deposited on the paper. The bag was then transferred into the 
base of the plant drier, where the gentle heat of the kerosene lanterns dried 
the specimens reasonably well. Finally the tops of the bags were folded down 
and the specimens packed together in a box. The folded paper and paper bag 
protect the specimen from damage. This method minimizes the handling of 
specimens under difficult conditions and encourages the taking of spore prints 
by collectors who could not otherwise be expected to spare the time for it. 
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ANNOTATED LIST 


In this list I give distribution notes for those species for which this informa- 
tion is not readily available. However, the distributions of most species listed 
are inadequately known. I suspect that some that are still known from only a 
few localities will prove to be circumpolar. Collection numbers follow the 
records. Usually the number, for parasitic fungi, is the same as that of a 
companion phanerogamic specimen, which facilitates rechecking of host 
identities when desired; but if two or more fungi are recorded from the same 
host plant at a given site distinguishing letters are added to the number. 


PHYCOMYCETES 


SYNCHYTRIUM CUPULATUM Thomas, Botan. Centr. 29: 42. 1887. 

On Dryas intergrifolia M. Vahl, Aston Bay, 3768. Previously collected in 
North America from Chesterfield Inlet, Churchill, and Belcher Is. Probably 
widespread, but so inconspicuous that it is not easily seen except in bright 
and windless weather. It is to be sought in slight depressions where water lies 
occasionally but not constantly enough to eliminate the host plant. Known 
also from Iceland, but the Aston Bay record is by far the most northerly. 
See Karling (11, p. 407). 


SYNCHYTRIUM RUBROCINCTUM Magn., Hedwigia, 13: 107. 1874. 
On Saxifraga rivularis L., Four Rivers Bay, 3706. A single infected plant 
was found on a springy slope. Agrees well with a specimen from Chesterfield 
Inlet on S. cernua. S. cernua and S. rivularis are very closely related, and take 
the same race of Puccinia heucherae var. saxifragae; and S. granulata, the 
4 type host of Synchytrium rubrocinctum, is also quite closely related to these 
- two hosts. It is thus quite reasonable that all should take the same parasite. 
; Karling noted that S. cupulatum and S. rubrocinctum are fairly similar and 
suggested that the occurrence of both at Chesterfield might be evidence that 
they are identical. However, they occurred there more than a mile apart 
and in different habitats; and the two findings probably merely reflect the 
fact that a mycologist spent the whole summer there. 


PERONOSPORA PARASITICA (Pers.) Fr., Summa Veg. Scand. 2: 493. 1849. 
P. cochleariae Gaum., Beitr. Kryptfl. Schweiz, 5, 4: 280. 1923, p.p. 

On Cochlearia officinalis L., east of base camp, 3597. On Eutrema edwardsii 
R. Br., north of base camp, 3626; Four Rivers Bay, 3667. Also on Draba lactea 
Adams at Spence Bay, D. incana L. at Englee, Nfld., and Eutrema edwardsii 
at Chesterfield. None of these are clearly separable from the fungus on Cap- 
sella bursa-pastoris L. Also reported by Linder on Cochlearia officinalis from 
Wakeham Bay, Que., and on Cardamine bellidifolia from Coral Harbour. There 
may be some specialization on the various hosts, but Cochlearia and Eutrema 
have a common rust (Puccinia eutremae) and may take the same race of this 
mildew. 
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ASCOMYCETES 


FABRAEA sp. 

A small collection was made on Saxifraga hirculus L. in a wet sedge meadow 
in the granite hills southwest of base camp, 3602. It was later sought repeatedly 
in various colonies on Somerset without success, and it has not been detected 
in any of the extensive phanerogamic collections that have been examined. 
This is a parasitic species, causing blackening of leaves and stems. Asci 
55-75 X 9-12 uw; spores 12-18 X 4-5 yw, 2-celled. We can find nothing close 
to this fungus reported on Saxifraga. It may be undescribed, but the specimen 
is too meager to make an adequate type. Det. J. W. Groves. 


PAXINA CoRIUM (Weberb.) Seaver, North Am. Cup Fungi (Operc.), 208. 1928. 

Among mosses and lichens on well-vegetated granite talus, southeast 
of Stanwell-Fletcher L., 3802. Solitary, 3cm diam. Reported from Greenland 
and Iceland and in DAOM from Dawson, Yukon. Also in Europe and tem- 
perate North America. Det. J. W. Groves. 


LAESTADIA RHYTISMOIDES (Berk.) Sacc., Syll. 1: 424. 1882. 

On Dryas integrifolia M. Vahl, Aston Bay, 3767; and immature perithecia 
near base camp. In DAOM from Churchill on this host, and from Jasper, 
Alta., on D. drummondii Richards. In Europe it occurs north to Spitzbergen. 


LOPHODERMIUM ARUNDINACEUM (Schrad. ex. Fr.) Lév. var. ALPINUM Rehm., 
Ascom. no. 319. 1876. 

On Festuca brachyphylla Schultes, Four Rivers Bay, 3654; Aston Bay, 
3739. On Puccinellia bruggemannii Th. S¢r., Four Rivers Bay, 3721. Also found 
later at Spence Bay on P. bruggemannii and Elymus mollis ssp. villosissimus. 
These specimens are a good match for Rehm. Ascom. 31/96. Dearness reported 
L. arundinaceum on Festuca rubra var. arenaria from Bernard Harbour, and 
on Elymus mollis from Coronation Gulf and Chantrey I.; but the specimens, 
although scarcely mature, are clearly referable here. Actually Rehm’s arctic- 
alpine fungus is probably specifically distinct from the lowland and montane 
L. arundinaceum, in which the asci are ca. 8-10 uw wide and the mature spores 
ca. 1.5 uw wide. In var. alpinum the mature asci are (10—) 12-16 w wide and 
the spores (1.8—) 2.2—2.8 (—3.0)u wide. Apparently saprophytic. 


BASIDIOMYCETES 


MELAMPSORA EPITEA Thuem., Mitth. Forstl. Versuchsw. Oesterr. 2:38 and 
40. 1879. 

On Salix arctica Pall., base camp, 3566; Four Rivers Bay, 3645, 3697B; 
Aston Bay, 3740. On Saxifraga caespitosa L., south of base camp, 3620 3819; 
Four Rivers Bay, 3697A. On Saxifraga oppositifolia L., base camp, 35684; 
Four Rivers Bay, 3643C. This complex species consists of numerous races 
that intergrade completely in morphology. There is clearly some host speciali- 
zation, but no cultural work has been attempted in the north. Its ability to 
persist as mycelium in the winter buds of Salix and as a perennial mycelium 
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in Saxifraga enables it to occur north to the limit of land, but also makes it 
difficult to determine from field observations what willows are infected from 
aeciospores on a given Saxifraga. A colony of Saxifraga caespitosa south of 
the base camp was heavily infected in an area almost devoid of willows. 
Either the willows had died out after serving as the source of infection or else 
there are strains of this rust that can spread by means of aeciospores to other 
Saxifraga plants, much as occurs in Melampsorella caryophyllacearum and 
Cronartium spp. 


PUCCINIA BISTORTAE (Strauss) DC., Fl. Fr. 5:61. 1815. 

On Polygonum viviparum L., base camp, 3594; Four Rivers Bay, 3713B; 
Cunningham Inlet, 3779. Common in low arctic, subarctic, and alpine regions. 
Previously known in the eastern arctic from as far north as Pond Inlet (72° 
42'N.). Aecia in the south occur on various Umbelliferae, but the species 
persists in the north by means of uredinia on the semi-evergreen leaves of 
P. viviparum. 


PUCCINIA CRUCIFERARUM Rudolphi, Linnaea, 4: 391. 1829. 

Trace on Cardamine bellidifolia L., south of base camp, 3586. In recent 
years there have been various new records of this species. In the Canadian 
arctic it is known from Prince Patrick I., and Ungava Bay. There are also 
several records from Alaska and B.C. 


PUCCINIA HEUCHERAE (Schw.) Diet. var. SAXIFRAGAE (Schlecht.) Savile, 
Can. J. Botany, 32:408. 1954. 

On Saxifraga cernua L., base camp, 3555A; Four Rivers Bay, 3701. 
On S. nivalis L., near base camp, 3554, 3604; Four Rivers Bay, 3648, 3701; 
Aston Bay, 3734. Field observations tended to confirm earlier suspicions that 
different races of this rust occur on these two hosts. 


PUCCINIA PAZSCHKEI Diet. var. TRICUSPIDATAE Savile, Can. J. Botany, 
32:410. 1954. 

On Saxifraga tricuspidata Rottb., southwest of base camp, 3607; Four Rivers 
Bay, 3704. Widespread in low arctic and subarctic or alpine areas, but the 
Somerset collections seem to be the most northerly recorded. 


PUCCINIA FISCHERI Cruchet & Mayor, Bull. soc. vaudoise sci. nat. 44:471. 
1909. 

On Saxifraga oppositifolia L., base camp, 3621; Four Rivers Bay, 3643B; 
Aston Bay, 3724A; Cunningham Inlet, 3785B; central plateau, 3793. Later 
found at Spence Bay and Cambridge Bay. Previously known in North 
America only from a fragmentary collection on the same host in southwestern 
Yukon; but apparently common although inconspicuous. When I discussed 
this rust previously (26) I had seen only fragmentary specimens and did not 
realize that it is systemic. It generally pervades a whole mat of the host but 
produces no symptoms on the main branches. However, it fruits on the lateral 
branches, which are erect, generally deeply pigmented, and small-leaved. 
Infected plants are generally sterile, which partly explains the paucity of 
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records, but a few infected fruiting stems were found at Spence Bay. This 
species, already known from Spitzbergen, may prove to be the most wide- 
spread rust in the high arctic, although at present the records of Melampsora 
epitea are far more numerous. 


Puccinia helicalis Savile sp. nov. 

Pycnia, aecia et uredinia nulla. Telia amphigena, petiolicola vel ad calyces. 
Teliosporae 29.5-48.0 X 12.5-19.0 uw, septo vix constrictae. Parietes 1.4 
—2.0 uw crass., luteo-brunnei vel dilute castanei, conspicue dextrorso-helicaliter 
costati, costis 0.2-0.7 w alt., valliculis 1.2-2.0 ym lat. Pori germinativi 
apicales, papillis subhyalinis usque ad 4.5 yp alt. tectis; et ad septa, papillis 
minoribus. Pedicelli hyalini deciduique. 

On Pedicularis capitata Adams, cliff ledges, Four Rivers Bay, 3714; south of 
Spence Bay, Keewatin, 3858 TYPE; north of Spence Bay, Franklin, 3899; 
Cold Bay, Alaska Peninsula, Alaska, Schofield 2351. Isotype or other material 
is being distributed to the various herbaria exchanging with DAOM. 

This species was first known to me from a trace on an overwintered petiole 
in Mr. Schofield’s phanerogamic collection of Pedicularis capitata from Cold 
Bay, taken in 1952, but not until 1958 could I find material adequate for 
description. It is presumably confined to this host and it is evidently wide- 
spread, but it has been found only in favorable exposures. Puccinia helicalis 
most closely resembles P. clintonii of all the rusts that attack Pedicularis, 
but in that species the ridges are longitudinal rather than helical and the 
spores are shorter and slightly wider (26-38 X 14-22 uw). The ridges in P. 
helicalis are generally at an angle of 30—45° from the long axis, but may range 
from nearly longitudinal to a divergence of 70° over a part of a spore. The 
helix is apparently always right-handed (Figs. 2, 3). 

Longitudinal ridges, such as those of Puccinia clintonii, are readily explained 
by a process of longitudinal streaming imposed upon radial instability of the 
surface layers of cytoplasm (27), and such ornamentations have developed 
in a number of apparently unrelated species; but the mechanism responsible 
for the production of the helical ridges of P. helicalis is difficult to visualize. 


Doassansia nearctica Savile sp. nov. 

Sori inconspicui. Granatellae? plerumque per totam laminam dispersae, ca. 
220-360 w diam. Cortex granatellae brunneus, ex parte exteriore prosenchy- 
matus, ex parte interiore pseudoparenchymatus cellulis 8.0-16.0 yw long. 
et 5.0-11.0 w lat. Sporae variabiles, 10.0-25.0 X 6.0-17.0 yw, parietibus 
hyalinis 0.5-1.5 w crass. Nucleus sterilis 120-150 wu diam. in granatellis 
majoribus, ex hyphis hyalinis et plus minusve parallelis constructus, cellulis 
pseudoparenchymatis hyalinis cinctus (Fig. 13). 

On Ranunculus hyperboreus Rottb., 2 miles NNW. of base camp, 3622. 
Holotype in DAOM, isotype in BPI. This inconspicuous fungus was not 

2Etym., diminutive of granatum = pomegranate, a spherical fruit containing many small 
seeds. There seems to be no suitable Latin term for the characteristic spore balls of Doassansia 


and Burrillia, They are mistermed sori in some of the earlier diagnoses, but several to many 
spore balls occur within the true sorus, which is in no sense synonymous. 
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Fics. 2-3. Teliospores of Puccinia helicalis, showing variation in pitch of helical 
ridges, 1180. Fics. 4-11.  Basidia and basidiospores of Arcticomyces warmingii, 
X1180. Fics. 4-6 and 8 from Savile 3568B. Fics. 7 and 9-11 from TYPE. Fic. 12. 
Fascicle of basidia and conidiophores of A. warmingii in leaf of Saxifraga oppositifolia, 
540; note stroma of wide cells and much narrower intracellular mycelium. Fic. 13. 
Doassansia nearctica; half cross-section of spore ball, showing cortex, spores, and fila- 
mentous central core, X 270. 


observed at the time of collection under wretched working conditions, and 
the material is regrettably limited. The sori are not conspicuous, because 
they generally involve most or all of the small, dissected leaf blade; and the 
spore balls easily pass for sand grains or debris in casual examination. A 
careful re-examination of the extensive collections of R. hyperboreus in DAO 
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has failed to yield any more material of this smut; but the host plant seldom 
flowers freely in permanent water where the smut is most likely to occur, and 
most of our collections are from wet ground. Two other species of Doas- 
sansia are recorded on Ranunculus, D. putkonenii Liro on R. paucistamineus 
in Finland, and D. ranunculina J. J. Davis on R. flabellaris in temperate 
North America. Both of these species have much smaller spore balls and 
smaller spores. They both apparently lack a sterile core, but there is some 
doubt as to whether this is always a reliable diagnostic character. It seems 
to be well developed only in the larger spore balls of D. nearctica; and I have 
recently seen a collection on Sagittaria, tentatively assigned to D. sagittariae, 
in which only the largest spore balls contained a core, an observation that 
throws some doubt on the number of valid species that occur on Alismataceae. 


USsTILAGO BISTORTARUM (DC.) K6rn., Hedw. 16:38. 1877. 

On Polygonum viviparum L., base camp, 3593; Four Rivers Bay, 3713A. 
This species generally fruits in the florets, apparently from systemic mycelium, 
but in low arctic or subarctic situations localized infections are also seen on 
the leaves. Only the inflorescence infection was found on Somerset. The 
species is widespread in the arctic, occurring north to 82°32’ N. in Ellesmere 
I., and occurs sparingly in the Cordillera (25, 28). 


UsTILAGO VINOSA (Berk.) Tul., Ann. Sci. Nat. Botan. 3, 7:96. 1847. 

On Oxyria digyna (L.) Hill, Four Rivers Bay, 3656. Infection was complete 
in a clonal colony about 50 cm diam., but lacking in adjacent colonies, indi- 
cating that the systemic mycelium passes through the creeping rootstocks. 
Known in the Canadian arctic from Prince Patrick I., Baffin I., Port Bur- 
well, Spence Bay; and, on Rumex arcticus Trautv., from Bloody Falls, Copper- 
mine R. Also occurs sparingly in the Cordillera, and in arctic—alpine situa- 
tions in Eurasia. 


UsTILAGO VIOLACEA (Pers.) Roussel, Fl. Calvados, 47. 1806, var. VIOLACEA. 

On Silene acaulis L. var. exscapa (All.) DC., Four Rivers Bay, 3638. On 
Lychnis apetala L. var. arctica (Fries) Cody, near base camp, 3583, 3628; 
Four Rivers Bay, 3717; Aston Bay, 3729. Very common on L. apetala, 
infection in some colonies being at least 50%. Seen or reported on this 
host from east Greenland, west Greenland, South Ellesmere, Frobisher Bay, 
Spence Bay, and Mansel I., the last-named specimen being the type of L. 
nesophila Holm, which was based on smutted material of L. apetala var. 
arctica. Also on L. sorensenis Boivin from Eureka, Ellesmere I., reported 
previously as on L. triflora, and a number of records of this smut on Silene 
acaulis also recently listed (28). The Somerset collections on Silene acaulis 
and Lychnis apetala agree very closely, the spores being slightly smaller than 
is typical for U. violacea var. violacea; and it is probable that a single race of 
the smut is involved. One collection (3628) taken near the base camp was 
from a colony that did not show the usual sharp distinction between healthy 
and smutted plants. Examination under the dissecting microscope later 
showed that the collection included plants with smut spores crowded among 
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TABLE III 
Effect of Ustilago violacea on morphology of Lychnis apetala var. arctica 


Condition of plant Healthy Stigma smut Anther smut 
Capsules Well developed Well developed Rudimentary 
Stigmas Well developed, Well developed, Rudimentary, 

exserted exserted, encrusted included 

by spores 

Stamens Included Included Usually exserted 
Petals Included Included Exserted 
Calyx Ovoid Ovoid Campanulate 
Pigmentation Light Moderate Heavy 
Habit after anthesis Erect Semi-erect Nodding 


the papillae of the stigmas, and that these plants were intermediate in mor- 
phology. Table III compares the morphology of the healthy plants, those 
with stigma infection, and those with typical anther infection. It will be 
seen from this table that in most characters the plants with stigma infection 
resemble healthy plants; but in the last two characters, which are most con- 
spicuous in the field, they are intermediate between healthy plants and those 
with anther infection. The effects of U. violacea on its hosts have received 
considerable study, recently summarized by Fischer and Holton (8), but this 
anomalous type of stigma infection does not seem to have been recorded. It 
is probably aberrant and biologically unimportant, but it could easily confuse 
the taxonomic botanist. 


EXOBASIDIUM VACCINII Wor., Verhandl. Nat. Ges. Freib. 4:397. 1867. 

On Cassiope tetragona (L.) D. Don, Four Rivers Bay, 3693. Also taken 
later on this host at Spence Bay. These specimens fit E. vaccinii s. str., but 
specimens from B.C. on Cassiope spp. are slightly different. This complex 
is dealt with in a forthcoming paper on Exobasidium (29). Immature material 
has also been seen at Chesterfield Inlet, and Linder reports the species on C. 
tetragona from Baffin I., north to Pond Inlet, and northern Quebec. 


Arcticomyces Savile gen. nov. 

In plantis vivis parasitica. Basidia e stromatis intercellularibus emanantes, 
fasciculata, per stomata vel inter cellulas epidermidis diffissas crescentes. 
Basidia basidiosporaeque hyalina. Sterigmata 2—6(—7) in basidio. Myce- 
lium inter- et intra-cellulare. 

Species typica: Arcticomyces warmingit. 


Arcticomyces warmingii (Rostr.) Savile comb. nov. 
Exobasidium warmingii Rostr., Grénl. Svampe, 530. 1888. 

Systemic, infected rosettes sterile with broad leaves, predominantly hypo- 
phyllous. Basidia (19.0-) 22.0-42.0 long (emergent portion), (3.2-) 
4.0-6.5 wu wide; sterigmata commonly (1—) 2-3 in incipient fructifications or 
in age, but usually (3—) 4-6 (—7) when fungus fruiting freely, 2.5-5.0  1.2- 
1.8 uw. Mature basidiospores 10.0-14.5 (-16.0) & (2.2—) 2.5-3.0 (-—3.2) 
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(O—) 1-septate, nearly cylindrical except for lateral hilum. Conidia 6.0—12.0 
(-14.0) X 0.6-1.2 (-1.5) mw, hyaline, + acicular, continuous, produced on 
sterigmata from basidiospores or from conidiophores among the fascicles of 
basidia (Figs. 4-12). Rostrup described the spores as slenderly fusoid, 
6-10 X 1 w, which must surely refer to the conidia. He also described the 
basidia as 13-15 X 2.5 yw, the basis for which is obscure. The type specimen 
is preserved in alcohol and the rosettes are covered by a rusty colloidal floc- 
culum, which makes examination difficult, but I eventually found a few 
basidia and spores, which allow Rostrup’s name to be maintained. 

Examination of abundant material from Somerset shows this fungus to be 
consistently different from either Exobasidium (with intercellular mycelium, 
basidia emerging individually between epidermal cells and arising from 
unspecialized mycelium) or Kordyana Rac. em. Gaum. (mycelium intra- 
cellular, basidia in clusters, often among elongated paraphyses, arising from 
a stroma and emerging from the stomata). In the present fungus the basidia 
arise from stromata as in Kordyana, but emerge in a fascicle either through a 
stoma or between two epidermal cells; the mycelium is both inter- and intra- 
cellular; paraphyses are lacking; and conidia are present, as in Exobasidium. 
The fungus is clearly not typical of either genus, and to place it in either 
would seriously broaden and dull the generic concept. There seems to be no 
other genus that even approximately fits the characteristics of this fungus. In 
fact, of all the genera that Donk (7) places tentatively or definitely in Exobasi- 
diaceae, none but Exobasidium and Kordyana seem to belong to this family: 
Dicellomyces, if removed from Dacrymycetaceae, might better be placed in 
Brachybasidiaceae; Endobasidium appears to be a hyphomycete; Exobasidiel- 
lum may well be close to Pellicularia filamentosa or P. rolfsii, which often 
attack grasses; and several other genera are clearly Fungi Imperfecti. The 
fungus under discussion has therefore been placed in a new genus with a name 
to denote its essentially arctic distribution. 

Specimens examined: On Saxifraga aizoon Jacq. var. neogaea Butters, 
Greenland, 2 Aug. 1884, Warming (C) TYPE; Kingua Sermiliarsuk, Green- 
land, 1889, Harts (C). On S. oppositifolia L., Somerset I.: base camp 3568B, 
3600; Four Rivers Bay, 36424; Aston Bay, 3724B; Cunningham Inlet, 37854. 
Spence Bay: near H.B.C. Post, 3880. Iceland: Baer, 28 June 1893, Stefdénsson 
(C). Two specimens on S. oppositifolia in C from Greenland agree in symptoms 
but are not in fruit; and a second Iceland specimen is sterile but does not show 
typical symptoms and may not be infected. 

Infected plants of S. oppositifolia are easily recognized by their pale pink or 
purple rosettes and broad leaves, but the fungus appears to be in good fruit 
for a very limited period and it is necessary to check with the hand lens to 
make sure that the white fascicles of basidia are present in the material taken. 
Although not found in phanerogamic specimens, largely, perhaps, because 
infected plants are typically sterile, observations on Somerset suggest that 
this fungus is widespread but seldom plentiful, in the northern part of the 
range of S. oppositifolia. However, I have seen no sign of it in low arctic and 


| 
} 


986 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


alpine situations. It may be noted that Roum. F. Sel. 4815 (DAOM) on 
Saxtifraga aspera is Puccinia pazschkei overrun by a delicate hyphomycete. 


GALERINA PALUDOSA (Fr.) Kiihner, Encyclopédie Mycol. 7:184. 1935. 

In deep moss south of base camp, 3824. Common in southern Canada, 
generally in bogs or swampy woods, and one treeline record in DAOM from 
Great Whale River, where it occurred in a sphagnum bog. Det. J. W. Groves. 
Galerina sp., too small for specific determination, was collected on moist 
calcareous lichen tundra NNW. of base camp, 3630. Det. J. W. Groves. 


LACCARIA ALTAICA Singer, Lilloa, 22:176. 1951. 
On calcareous lichen tundra NNW. of base camp, 3629. Apparently not 
previously recorded from the nearctic. Det. J. W. Groves. 


LACTARIUS ZONARIUS Fr., Epicr., 336. 1838 

A single well-grown specimen was collected at a lake just east of Birmingham 
Bay, 73°23’ N.: 95°33’ W., by J. Brian Bird. Except that the pileus is yellower, 
this specimen agrees well with one in DAOM from Medicine Bow Mts., Wyo., 
collected and determined by A. H. Smith. This species appears to be holarctic 
and alpine but it does not seem to have been previously recorded from the 
nearctic. Det. J. W. Groves. 


LYOPHYLLUM SEMITALE (Fr.) Kiihner, Bull. soc. linnéene Lyon 7:211. 1938. 
Collybia semitalis Fr., Syst. 1, 117. 1801. 

Among mosses and lichens, on well-vegetated granite talus, southeast of 
Stanwell-Fletcher L., 3801. We have no specimens in DAOM or reports of 
this species in Canada or the nearctic. Det. J. W. Groves. 


RUSSULA XERAMPELINA Fr., Epicr., 356. 1838. 

Scattered among Salix arctica on well-vegetated southeast talus, Four 
Rivers Bay, 3690. Moderately well developed, but distorted in thrusting 
through the prostrate and matted willow and difficult to secure unbroken. 
Common in southern Canada in coniferous or hardwood forests, but apparently 
unrecorded from the Canadian arctic. Dearness recorded Russula sp. from 
Herschel I., Yukon, 69°35’ N., not far beyond tree line; and Linder recorded 
R. fragilis from Cape Dorset, 64°14’ N., and R. ochroleuca from Lake Harbour, 
62°51’ N., both in south Baffin. The present record seems to be substantially 
the most northerly for any Russula in the Canadian arctic. Det. J. W. Groves. 


CALVATIA TATRENSIS Hollés var. GROENLANDICA Lange, Medd. Gr¢gnland, 
147, 4:13. 1948. 

A few old and new fruit bodies among lichens on a granite cliff ledge, 
southwest of base camp, 3609. Described from Greenland, but not apparently 
collected previously in the Canadian arctic. Described from Strémfjord, 
67° N., and a doubtful record from Iceland. A few low arctic or subarctic 
Canadian specimens will be reported in a forthcoming paper by Mrs. C. W. 
Bowerman. Det. J. W. Groves. 
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FuNGI IMPERFECTI 


CERCOSPORELLA SAXIFRAGAE Rostr., Bidr. Ascom. Dovr., 13. 1891. 

Trace on Saxifraga rivularis L. on tussock in sedge meadow, Four Rivers 
Bay, 3706A. Conidiophores arising from small brown stromata, densely 
fasciculate, to ca. 20 uw long, 1.6-2.0 uw wide, hyaline. Conidia 40 to at least 
140 yw long, 1.3-1.7 uw wide, hyaline, straight or flexuous, up to at least seven 
septa. Spores easily broken and maximum length difficult to determine. 
Described from the closely related S. cernua from Norway. Rostrup stated 
the spores to be 30-40 X 1-2 yw; but I suspect that these were mostly broken 
spores, which can be distinguished only under oil immersion. The only prior 
North American report known to me is one by Davis (5) on S. pensylvanica in 
Wisconsin; he recorded the spores as 30-100 X 1-2 w and the description 
agrees well in other respects with the Somerset collection except that the 
conidiophore width is given as 2-4 yp. 


? SEPTOGLOEUM SALICINUM (Pk.) Sacc., Syll. 3:802. 1884. 

Infection was heavy in a single colony of Salix arctica Pall. at Four Rivers 
Bay, 3686, but none was found elsewhere. Defoliation was already starting 
on July 30. The spores in this collection are unusually long (62.5-120.0 X 
3.5-4.3 u, septa generally three but occasionally four to six, widest slightly 
above subtruncate base and tapering slightly to rounded or obtuse tip), but 
this seems to be a highly variable character. This is part of a complex that ap- 
pears to vary greatly in morphology and the above name may well have 
to be relegated to synonymy. No member of this complex seems to have 
been reported on willows north of tree line in Canada. 


Vascular Plants 
GENERAL DISCUSSION 


To one accustomed only to the southern arctic flora, and reaching Somerset 
Island when many species were in full flower, two characteristics were imme- 
diately evident: first, the reduced stature of most species except in favorable 
and well-watered exposures; and second, the lack of Leguminosae and Eric- 
aceae. There seems to be fully as sharp a distinction between southern 
Somerset and Spence Bay, 175 miles to the south, as between Spence Bay and 
Chesterfield Inlet, a further 425 miles south. The floras of Spence Bay and 
Chesterfield are, in fact, decidedly similar both in composition and in the 
stature of the plants. No Leguminosae reach Somerset although Astragalus 
alpinus, Oxytropis arctobia, and O. maydelliana occur plentifully at Spence 
Bay and the last named species was seen (but, in the commotion of hastily 
breaking camp for another member of the party, inadvertently not collected) 
at 71°31’ N.: 95°06’ W. in northern Boothia Peninsula. Of the three Ericaceae 
that occur at Spence Bay, only Cassiope tetragona reaches Somerset, Arcto- 
staphylos rubra being probably near its limit and Vaccinium uliginosum 
apparently at its extreme limit at Spence Bay. 
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It may not be due to chance that these families, which are adapted to poll- 
ination by bumblebees, drop out so abruptly. It may also be significant that 
Cassiope tetragona, the one representative of the two families on Somerset, is 
white-flowered: it is perhaps partly adapted to pollination by Diptera. Bumble- 
bees do occur on Somerset but they are scarce and, on all but the warmest 
days, seem to crawl on the ground more than they fly. They were seen 
visiting Lychnis apetala, Dryas integrifolia, Pedicularis arctica, Epilobium 
latifolium, and, at Spence Bay, Saxifraga oppositifolia. The last two species 
can, of course, be visited by crawling bees in the manner that I have seen 
bumblebees visit Vaccinium uliginosum on a cool day at Great Whale River. 
No insects were seen at Cassiope tetragona, but Diptera were noted at other 
white flowers, i.e. mosquitoes at Saxifraga caespitosa, midges at Saxifraga 
tricuspidata, and higher Diptera at Saxifraga cernua and Stellaria crassipes. 

Boothia Peninsula, nearly surrounded by ice-laden sea, is apparently so 
cooled by onshore winds that the northward passage of plants and pollinators 
through it is severely limited. Most of the more than twenty species of plants 
that occur at Spence Bay but not on Somerset range considerably further north 
in the extreme eastern, or occasionally the extreme western, part of the archi- 
pelago; but, as noted earlier in this paper, northern limits in the east and west 
bear little relationship to those in the area under study. 


ANNOTATED LIST 


In this list the herbaria from which earlier records stem are omitted as being 
readily obtained from Polunin (19) if needed. All Parry specimens are from 
between Elwin Bay and Fury Point and were taken in 1825. Ross citations are 
James Ross, from the same area and date unless specified otherwise. I have 
followed Polunin by placing localities in quotation marks to indicate records 
for which no specimen is known, but have deleted the Regent's Inlet records, 
which may or may not be from Somerset. Collection numbers follow my own 
records. Except for a few mycological specimens (marked DAOM) for which 
no companion phanerogamic specimen was taken, all specimens are in the 
phanerogamic herbarium, Department of Agriculture, Ottawa (DAO). I have 
followed Polunin’s corrected pagination for the appendix to Parry’s First 
Voyage. 

The composite list contains 98 species and 1 variety. Eight of these species 
were recorded by earlier collectors but not duplicated by me; four of these 
I regard as possibly due to locality errors, but the others seem to be beyond 
question. Thirty-two species are believed to be recorded for the first time. 
The records are most easily related to those from the rest of the archipelago 
by reference to the valuable dot maps provided by Porsild (21). 


WoobsIA GLABELLA R. Br. apud Richardson in Franklin, Narr. 1st Journ., 
App., 754. 1823. 

Rare in granite cliff crevies southwest of base camp, 3610. Occasional in 
lichens on boulder moraine, Four Rivers Bay, 3661. Port Kennedy, Walker. 
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CYSTOPTERIS FRAGILIS (L.) Bernh. in Schrad., Neu. J. 1, 2:27. 1806. 
Scarce in crevices of southeast cliff, Four Rivers Bay, 3719. Not recorded 
north of Boothia Isthmus in the central arctic. 


EQUISETUM VARIEGATUM Schleich., Cat. Pl. Helv. ed. 2:27. 1807. 

Scattered in flooded gravel and wet sedge meadows, near base camp, 3596, 
3601; Four Rivers Bay, 3659. Not reported from or near Somerset, but it is 
easily overlooked when among mosses in sedge meadows. T. W. Barry, 
Canadian Wildlife Service, spoke of finding goose stomachs nearly full of this 
plant after the birds had grazed on meadows where he had difficulty in finding 
any of it. 


LyYCOPODIUM SELAGO L. var. APPRESSUM Desv., Mem. soc. linnéene Paris, 6: 
180. 1827. 

Very scarce on southeast cliff, Four Rivers Bay, 3694. Recorded further 
north in east and west, but not from central part of archipelago. 


HIEROCHLOE ALPINA (Sw.) R. & S., Syst. Veg. 2:515. 1817. 
“‘Somerset”’ (Ross in Parry, 1826). 


HIEROCHLOE PAUCIFLORA R. Br. in Parry, 1st Voyage, App., ccxciii. 1824. 

“‘Somerset”’ (Parry, 1826). It is just possible that in this and the preceding 
species there is an error in locality. It seems surprising that these distinctive 
species should have been missed by so experienced a student of grasses as 
Malte when he collected at Port Leopold. I looked in vain for them in suit- 
able habitats in granitic areas. 


ALOPECURUS ALPINUS J. E. Sm., Fl. Brit. 3:1386. 1804. 

Common on moist sandy or gravelly places; near base camp, 3612; Four 
Rivers Bay 3679, 3685; Aston Bay, 3743; central plateau, 3794. Almost 
ubiquitous where moisture is adequate. Common almost everywhere 
(Polunin). 


ARCTAGROSTIS LATIFOLIA (R. Br.) Griseb. in Ledeb., Fl. Ross. 4:434. 1853. 

Occasional to common on wet ground; base camp, 3816; Four Rivers Bay, 
3692; Aston Bay, 3759. Somerset, Parry. Fury Beach, Neill. Port 
Kennedy, Walker. 


PuHIPPSIA ALGIDA (Sol.) R. Br., Chlor. Melv. 27. 1823. 
Scattered and nearly prostrate on wet sandy slope, central plateau, 3796. 
Somerset, Parry. Port Leopold, Malte. 


PHIPPSIA CONCINNA (Fries) Ledeb., Botan. Notiser, 1898:155. 1898. 
Occasional, caespitose, on springy, calcareous river bank, Aston Bay, 3726. 
Not listed separately by Polunin or Porsild, but Dr. W. G. Dore agrees with 
Hultén (9, p. 1705) that it is distinct from P. algida. In addition to the dis- 
tinctions listed by Hultén (usually one rather than two stamens, strongly 
pubescent rather than glabrous to slightly pubescent lemmas, and seed 
broadest at or below middle rather than above middle), Dr. Dore points out 


id 
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that the relaxed anthers are 0.6-0.8 mm long in concinna in contrast to 0.4- 
0.5 mm in algida. There are nearctic specimens of concinna in DAO from 
Mould Bay, Prince Patrick I., Bruggemann 399, 400, 412; Resolute Bay, 
Cornwallis I., Schofield 436, 507 and Wonders s.n.; Parr Inlet, Ellesmere I., 
Bruggemann 254, 275. This species seems to be more northerly in distri- 
bution than P. algida but its Canadian range cannot yet be fully delimited. 
Dr. W. M. Bowden reports a chromosome number of 2m = 28 for both species. 


DESCHAMPSIA BREVIFOLIA R. Br. in Parry, 1st Voyage, App., ccxci. 1824. 
Common in marsh, base camp, 3810; occasional on moist calcareous gravel 
and mud slope, Aston Bay, 3755. Somerset, Parry. Port Leopold, Malte. 


TRISETUM SPICATUM (L.) Richt., Pl. Eur. 1:59. 1890. 
Scarce, on enriched dry calcareous gravel, Aston Bay, 3766. ‘‘Somerset”’ 
(Ross in Parry, 1826). 


Poa ArcTICcA R. Br. in Parry, 1st Voyage, App., cclxxxviii. 1824. 
Scattered on fertile slope below cliff, southeast of base camp, 3818; occa- 
sional on lush cliff ledges, Four Rivers Bay, 3691. 


Poa arctica R. Br. var. vivipARA Hook. in Parry, 3rd Voyage, App., 129. 
1826. 

Occasional on turfy ruins of Thule houses, southeast of base camp, 3813; 
occasional on moist calcareous slope, Aston Bay, 3751. ‘‘North Somerset”’ 
(Ross in Parry, 1826, type). Polunin records the species as common every- 
where in District 2, but cites no collections from Somerset. 


POA ABBREVIATA R. Br. in Parry, 1st Voyage, App., cclxxxvii. 1824. 

Scarce, moist calcareous slope, Aston Bay, 3756; the same, Cunningham 
Inlet, 3780. Somerset, Parry. Port Leopold, Malte. Port Kennedy, 
Walker. 


PLEUROPOGON SABINEI R. Br. in Parry, Ist Voyage, App., cclxxxix. 1824. 

Common, especially in granitic gravel at river edge, near base camp, 3613; 
occasional on springy slope, Aston Bay, 3754. Somerset, Parry. Fury 
Beach, Markham. Port Kennedy, Walker. 


DUPONTIA FISHERI R. Br. in Parry, 1st Voyage, App., ccxci. 1824. 

Common in marshes and sedge meadows base camp, 3806, 3821; and in 
sedge meadow, wet sand behind sea beach, and rich lower ledges of cliff, 
Four Rivers Bay, 3655, 3676, 3711. Port Leopold, Malte. Port Kennedy, 
Walker. 


PUCCINELLIA ANGUSTATA (R. Br.) Rand & Redf., Fl. Mt. Desert I., Maine, 
p. 181. 1894. 

Locally abundant on moist calcareous gravel slope, Aston Bay, 3753. 
Perhaps here at its southern limit, but it is recorded somewhat further south 
on the eastern and western edges of the archipelago. 
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PUCCINELLIA BRUGGEMANNII Th. S¢r. in Porsild, Vascular plants western 
Can. Arctic Archipelago, p. 80. 1955. 

Caespitose, prostrate, occasional on gravel beach near high tide mark, 
north shore of Hazard Inlet south of base camp, 3809; assurgent, locally 
common on sand behind sea beach with Carex ursina, Four Rivers Bay, 3721. 
These collections and one made later at Spence Bay on a brackish, muddy 
beach flat suggest that this is not primarily an upland species as the habitat 
of the type collection suggested. Although the ligules run 1.0-1.5 mm long 
in the two Somerset specimens, they are 1.2-2.0 (—2.5) mm in the Spence 
Bay collection. Ligules in the collection of P. angustata cited above are 1.5— 
3.0 mm. The panicle branches in P. angustata are conspicuously scabrous, 
those of P. bruggemannii sparsely so or nearly smooth. The differences in stat- 
ure also seem to be less clearly defined than Sgrensen’s key and descriptions 
in Porsild (21) suggest. Thus the specimens from Four Rivers Bay, from a 
fertile and only slightly brackish flat, were almost as tall as the Aston Bay 
specimen of P. angustata. 1t seems doubtful whether the two species can be 
as distantly related as Sgrensen suggested. 


PUCCINELLIA PHRYGANODES (Trin.) Scribn. & Merrill, Contrib. U.S. Natl. 
Herb. 13, 3:78. 1910. 

Port Leopold, Malte. This species certainly occurred in vegetative form on 
Hazard Inlet, but I failed to take it, mistaking adjacent fruiting plants of 
P. bruggemannii for it. P. phryganodes apparently grew just below high tide 
mark, and P. bruggemannii at or just above high tide in a zone directly 
affected only by spring or storm tides. 


FESTUCA BRACHYPHYLLA Schultes, Mant. 3:646. 1827. 

Common on dry sand and gravel, Four Rivers Bay, 3654; moderately 
common on calcareous river bank, Aston Bay, 3739. Somerset, Parry. Cape 
Garry, Markham. ‘Port Kennedy” (Walker in Hooker, 1861). 


FESTUCA BAFFINENSIS Polunin, Botan. Can. eastern arctic, 1:91. 1940. 

Locally common, sandy bluff north of base camp, 3632; lower ledges of 
cliff, Four Rivers Bay, 3699; enriched calcareous gravel, Aston Bay, 3764. 
Both on Somerset and at Spence Bay I could see no certain difference in 
habitat for the above two very similar species. 


ERIOPHORUM SCHEUCHZERI Hoppe, Botan. Taschenb., 104. 1800. 

Locally common at pond and river edges or in wet marshes, base camp, 
3575, 3580; Four Rivers Bay, 3670; Aston Bay, 3769. ‘‘Port Kennedy” 
(Walker in Hooker, 1861). 


ERIOPHORUM TRISTE (Th. Fr.) Hadac & Léve, Botan. Notiser, 1950:34. 1950. 
Widespread in wet meadows, base camp, 3577; Four Rivers Bay, 3669; 
Aston Bay, 3744. 


KOBRESIA MYOSUROIDES (Vill.) Fiori & Paol., Ic. Fl. Ital., 52. 1896. 
A single small colony seen on dry calcareous gravel, Aston Bay, 3774. 
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CAREX RUPESTRIS All., Fl. Pedem., 2, 264, 1785. 

Occasional, dry calcareous gravel, base camp, 3820; Aston Bay, 3763; 
moderately common, granite outcrops, Four Rivers Bay, 3664. Small and 
fruiting sparsely in arid situations, this species is easily overlooked. It is 
presumably much more generally distributed than the paucity of records from 
the central arctic might suggest. 


CAREX URSINA Dewey, Am. J. Sci. 27:240. 1835. 

Occasional on sandy flat behind marine beach ridge, Four Rivers Bay, 3674. 
Apparently unreported from central part of archipelago, but presumably 
widespread in suitable habitats. A collection made later at Spence Bay helps 
to round out the distribution pattern. 


CAREX AMBLYORHYNCHA Krecz., Fl. U.R.S.S. 3:595. 1935. 

A single clump was found in a marsh close to the shore of Hazard Inlet, 
south of base camp, 3808. This material is a close match for material cited by 
Bécher (1) from Coral Harbour (Cody 1685). The specific limits in this 
complex seem, however, to be far from clear. 


CAREX AQUATILIS Wahlenb. var. staANs (Drej.) Boott, Illustr. 4:544. 1867. 

Occasional in marsh, base camp, 3805; scarce in flood zone of pool behind 
beach ridge, and scarce at foot of well-watered cliff, Four Rivers Bay, 3673, 
3716. These specimens show, although somewhat indistinctly when dried, 
the glaucous leaf tips characteristic of typically developed C. aquatilis in the 
south. 


CAREX MISANDRA R. Br. in Parry, 1st Voyage, App., cclxxxiii. 1824. 

Common in marshes and sedge meadows, occasional on springy slopes; base 
camp, 3822; Four Rivers Bay, 3668; Aston Bay, 3738. Noted at Cunningham 
Inlet and Stanwell-Fletcher L. Somerset, Parry, Ross. ‘Port Kennedy” 
(Walker in Hooker, 1861). This and the next species are the major plants of 
marsh and sedge meadow, but their relative abundance is difficult to determine 
because both fruit rather sparingly. 


CAREX MEMBRANACEA Hook. in Parry, 2nd Voyage, App., 406. 1825. 

Scattered through marshes, wet meadows, and springy slopes; base camp, 
3823; Four Rivers Bay, 3671; Aston Bay, 3758; Cunningham Inlet, 3777; 
southwest Stanwell-Fletcher L., 3804. Does not fruit freely but apparently 
abundant in vegetative condition. Somerset, Parry, Ross. 


Juncus BicLumis L., Sp. Pl. ed. 1, 328. 1753. 

Common on open, wet sites; base camp, 3623, 3807; Four Rivers Bay, 3672; 
Aston Bay, 3776; Cunningham Inlet, 3778. Somerset, Parry. ‘Fury Beach” 
(Markham, 1874). ‘‘Port Kennedy” (Walker in Hooker, 1861). 


LuzuLA NIVALIs (Laest.) Beurl., Botan. Notiser, 1853:55. 1853. 
Occasional, on fertile slope below limestone cliff, southeast of base camp, 
3817; scarce, on mossy slope, Aston Bay, 3745; scattered, on moist calcareous 
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slope, Cunningham Inlet, 3782; scarce, on wet sandy slope, 1100-1200 ft, 
central plateau, 3795. 


LuzuLa conFusA Lindeb., Botan. Notiser, 1855:9. 1855. 
Occasional in moss on dry granite outcrop, common on moist cliff ledges, 
Four Rivers Bay, 3663, 3715. Port Kennedy, Walker. 


SALIX RETICULATA L., Sp. Pl. ed. 1, 1018. 1753. 

Occasional, wet to moderately dry ground, base camp, 3576; Four Rivers 
Bay, 3636; southeast Stanwell-Fletcher L., 3803. ‘‘Port Kennedy” (Walker 
in Hooker, 1861). 


SALIX RICHARDSONII Hook., FI. Bor.-Am., 2, 147. 1839. 

Locally abundant in wet sedge meadow on sandy slope, southeast shore of 
Stanwell-Fletcher L., 3800. A slight northward extension of known range. 
Plants were only 15-20 cm high, but had fruited normally. 


SALIX ARCTICA Pall., Fl. Ross. 1, 2:86. 1788. 

Abundant on dry to moderately wet ground; base camp, 3566; Four Rivers 
Bay, 3645; Aston Bay, 3740. Common everywhere (Polunin). Nearly 
ubiquitous except on high plateau, usually infected by Melampsora epitea but 
seldom with serious damage. Marked variation in leaf shape, even within a 
colony, seems to be partly environmental and partly genetic. 


OxyrIA DIGYNA (L). Hill, Hort. Kew., 158, 1768. 

Common on rocky or gravelly ground; base camp, 3567; Four Rivers Bay, 
3656; Aston Bay, 3735. Common everywhere (Polunin). The circular colonies, 
ca. 30-60 cm diam., that are often seen on favorable sites are evidently clonal; 
for they are uniform in depth of pigmentation, which is otherwise variable 
from plant to plant, and one such colony at Four Rivers Bay was completely 
infected by the systemic smut, Ustilago vinosa, whereas all adjacent colonies 
were healthy. 


POLYGONUM VIVIPARUM L., Sp. Pl. ed. 1, 360. 1753. 

Locally common on sandy or gravelly slopes; base camp, 3591; Four Rivers 
Bay, 3681; Aston Bay, 3748; Cunningham Inlet, 3779 (DAOM). Somerset, 
Parry. ‘‘Port Kennedy” (Walker in Hooker, 1861). 


STELLARIA CRASSIPES Hult., Botan. Notiser, 1943: 261. 1943. 

Common but flowering freely only in favorable situations; sandy bank of 
pond, base camp, 3625; occasional on talus below cliff, Four Rivers Bay, 3712; 
abundant on calcareous river bank, Aston Bay, 3736. Somerset, Parry. Port 
Leopold, Malte. Elwin Bay and Fury Beach, Markham. (Polunin’s records 
under S. longipes are presumed to belong here.) 


STELLARIA LAETA Richards, in Franklin, Narr. 1st Journ., App. 738. 1823. 

Locally abundant on ledges of southeast cliff, Four Rivers Bay, 3696. 
Clearly distinct from the last species in the field, but the dried specimens are 
much more similar in appearance. 
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STELLARIA HUMIFUSA Rottb., Skrifter Kjgbenhavnske Selskab. Laerd Videnskab. 
10:447. 1770. 

Common on sand or gravel flats near high tide mark; Hazard Inlet south of 
base camp, 3588; Four Rivers Bay, 3677; Aston Bay, 3733. ‘“‘Port Kennedy” 
(Walker in Hooker, 1861). 


CERASTIUM ALPINUM L., Sp. Pl. ed. 1, 438. 1753. 

Cliff ledge in granite hills southwest of base camp, 3603; calcareous river 
bank, Aston Bay, 3741B. Common everywhere (Polunin). This and the next 
species vary in stature and flower size so markedly with varied environment 
that it is difficult to assess their habitats and distribution, for they may simu- 
late each other closely. Identifications are in some instances provisional. 
The difficulties in identification of some of the arctic species of Stellaria and 
Cerastium are well expressed by J¢rgensen, Sgrensen, and Westergaard (10, 
p.151), who state that “‘the different polyploidy steps carry only small morpho- 
logical differences with them. The picture becomes further complicated 


because some of the polyplotypes seem to hybridize in nature with a rather 
high frequency.” 


CERASTIUM BEERINGIANUM Cham. & Schlecht., Linnaea, 1:62. 1826. 

Common on sand or gravel banks and beaches, occasionally on talus slopes; 
base camp, 3624, 3811; Four Rivers Bay, 3684, 3718; Aston Bay, 3741A; 
Cunningham Inlet, 3784. 


CERASTIUM REGELII Ostenf., Christiania Videnskab Selskab. Skrifter, I, Mat.- 
Nat. KI. No. 8 (1909): 10. 1910. 

Scarce, sterile, on rich ledges of southeast cliff, Four Rivers Bay, 3708. 
Port Leopold, Malte. 


ARENARIA RUBELLA (Wahlenb.) Sm., Engl. Botan., Suppl. 1, tab. 2638. 1831. 
Occasional on sand or gravel, base camp, 3627; Four Rivers Bay, 3678B; 

Aston Bay, 3737; Cunningham Inlet, 3787. Somerset, Parry. ‘‘Port Leopold” 

(McClintock in Markham, 1909). ‘Port Kennedy” (Walker in Hooker, 1861). 


ARENARIA ROssII R. Br. in Franklin, Narr. 1st Journ., App., 738. 1823. 
Scarce to occasional on sand or gravel; near base camp, 3598; 3616; Four 
Rivers Bay, 3678A; Aston Bay, 3775. 


SILENE ACAULIs L. var. EXSCAPA (All.) DC., Fl. Fr. 4, 749. 1805. 
Rare and sterile on calcareous gravel, base camp, 3617; occasional on dry, 
stony tundra, Four Rivers Bay, 3638. Port Kennedy, Walker. 


LYCHNIS APETALA L. var. ARCTICA (Fries) Cody, Can. Field-Nat. 67:41. 
1951. 

Common in marshes, in sedge meadows, and on springy slopes; base camp, 
3583, 3628; Four Rivers Bay, 3717; Aston Bay, 3729; Cunningham Inlet, 
3781. Somerset, Parry. Fury Beach, Markham. Port Kennedy, Walker. 
Polunin noted an annotation on the type sheet of L. nesophila Holm that 
the anthers appeared to be smutted. I can confirm that the type (in CAN) 
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is infected by Ustilago violacea. This smut is very common on L. apetala var. 
arctica throughout Somerset. It is systemic and perennial, and normally 
sporulates in the anthers; but it so modifies the plant that the ovaries and 
styles remain rudimentary, the flowers are open at the throat and remain 
nodding throughout the summer, and the plants are generally abnormally 
deeply pigmented. Occasionally the fungus fruits in the styles instead of the 
anthers, producing much less striking morphological changes that might 
more justifiably mislead the taxonomist than the typical infection pattern. 
See discussion of Ustilago violacea. 


LYCHNIS TRIFLORA R. Br. ex Somm., Mag. Naturvidenskab. 2:152. 1824. 
L. affine Vahl ex Fries, Nov. Fl. Suec. Mant. 3:36. 1842. 

Rare, lower ledges of southeast cliff, Four Rivers Bay, 3700. Boivin (2, p.6) 
has discussed the nomenclature of this complex. He applies the name L. 
sorensents to the plant of Greenland and the northernmost part of the archi- 
pelago that has commonly been called L. triflora. L. triflora has apparently 
not been previously recorded from the Boothia—Somerset region. However 
it occurs sparingly at Spence Bay and will probably be found eventually in the 
granitic parts of Boothia Peninsula. 


RANUNCULUS HYPERBOREUS Rottb., Skrifter Kjgbenhavnske Selskab. Laerd 
Videnskab. 10:458. 1770. 

Locally abundant, but mostly vegetative, in wet sedge meadows and 
marshy streams; north of base camp, 3622; Four Rivers Bay, 3707; vegetative 
plants seen as Aston Bay. Port Leopold, Malte. 


RANUNCULUS NIVALIS L., Sp. Pl. ed. 1, 553. 1753. 
Locally common, springy slopes and wet gravel beach, Four Rivers Bay, 


3657. Somerset, Parry. ‘“‘Between Fury Beach and Elwin Bay” (Markham, 
1874). Port Kennedy, Walker. 


RANUNCULUS SULPHUREUS Sol. in Phipps, Voy. N. Pole, 202: 1774. 
Common on wet tundra, base camp, 3562, 3634; scarce in marsh, Aston 
Bay, 3771. Somerset, Parry. 


RANUNCULUS PYGMAEUS Wahlenb., Fl. Lapp., 157. 1812. 
Elwin Bay, and Fury Beach, Markham. 


PAPAVER RADICATUM Rottb., Skrifter Kj@benhavnske Selskab. Laerd. Viden- 
skab. 10:445. 1770. 

Common on dry or occasionally moist gravel tundra; base camp, 3558; 
Four Rivers Bay, 3705; Aston Bay, 3725; central plateau, 3797. Common 
everywhere (Polunin). 


COCHLEARIA OFFICINALIS L., Sp. Pl. ed. 1, 647. 1753. 

Occasional in slightly brackish wet places, near base camp, 3587, 3597; 
scarce along muddy seepage from snowbanks three miles from sea, Four 
Rivers Bay, 3666. Somerset, Parry. The variation in stature and habit 
with slight ecological differences, even within a colony, is so great that I 
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prefer not to designate varieties in collections that have not been cultivated 
or examined cytologically. The inland colony at Four Rivers Bay was on a 
site apparently subject to violent solifluction, which presumably reduced 
competition. 


EuTREMA EDWARDsII R. Br. in Parry 1st Voy., supp., cclxvii. 1824. 

Moderately common in mossy sedge meadows or on springy slopes; base 
camp, 3582; Four Rivers Bay, 3667; Aston Bay, 3746. “‘Port Kennedy”’ 
(Walker in Hooker, 1861). 


CARDAMINE BELLIDIFOLIA L., Sp. Pl. ed. 1, 654, 1753. 

Scarce at outlet of pond near high tide mark, south of base camp, 3586; 
rare on moist sandy slope, 1100-1200 ft, central plateau, 3799. Somerset, 
Parry. 


CARDAMINE PRATENSIS L. var. ANGUSTIFOLIA Hook., Fl. Bor.-Am. 1, 45. 
1829. 

Occasional in slightly brackish sedge meadow, two plants in flower, Four 
Rivers Bay, 3675; sterile in marsh, Aston Bay, 3772. Vegetative plants 
also seen in July southeast of base camp, but not found in August when 
collection intended. 


DRABA BELLII Holm in Fedde, Rept. Spec. Nov. 3: 338. 1907. 
Moderately common; base camp, 3557, 3611; Four Rivers Bay, 3649, 
3687A; Aston Bay, 3730A, 3731. Port Leopold, Malte. 


DRABA NIVALIS Liljebl., Kgl. Vet. Acad. Nya Handl. Stockholm 14, 208. 
1793. 

Few plants on granite cliff ledge southwest of base camp, 36/4. Apparently 
unreported from central part of archipelago. 


DRABA LACTEA Adams, Mém. soc. nat. Mosc. 5:104. 1817. 

Scattered in moist, mossy situations; near base camp, 3585, 3615A, 3814; 
Four Rivers Bay, 3650, 3695, 3722; Aston Bay, 3752. ‘Port Kennedy” 
(Walker in Hooker, 1861). 


DRABA SUBCAPITATA Simmons, Vasc. Pl. in Fl. Ellesmereland, 87, 1906. 
Occasional on sand or gravel; base camp, 3571; Four Rivers Bay, 3687B; 
Aston Bay, 3730B; Cunningham Inlet, 3786. Port Kennedy, Walker. 


DRABA OBLONGATA R. Br. in Ross, Voy. Disc., App., cxliii. 1819. 

Scarce on gravelly limestone hill at 700 ft, Aston Bay, 3770; scarce on 
moderately dry sand at 1200 ft, central plateau, 3798. Apparently here at 
its southern limit. 


DRABA GROENLANDICA Ekman, Svensk Botan. Tidskr. 23: 486. 1930. 
Occasional, on well-drained nitrified sites, base camp, 3556, 3572, 3815. 
Apparently unreported from central part of archipelago. 
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BRAYA PURPURASCENS (R. Br.) Bunge in Ledeb., Fl. Ross. 1, 195. 1842. 
Scarce on calcareous gravel, base camp, 3592, 3812. Somerset, Parry, 
Ross. Port Kennedy, Walker. 


PARRYA ARCTICA R. Br. in Parry 1st Voy., App., cclxix. 1824. 

Moderately common on gravel; Four Rivers Bay, 3635; Aston Bay, 3727; 
Cunningham Inlet, 3783. Somerset, Parry, Ross. ‘‘Port Leopold” 
(McClintock in Markham, 1909). 


SAXIFRAGA CAESPITOSA L., Sp. Pl. ed. 1, 404. 1753. 

Common on dry or moist tundra, cliff ledges or gravel banks; near base 
camp, 3564, 3599, 3606; Four Rivers Bay, 3653, 3697; Aston Bay, 3728. 
Common everywhere (Polunin). No treatments of this variable species 
have been fully convincing. Doubtless there is considerable genetic variation 
from region to region; but it is also clear that at any given station with high 
relief, and consequently a substantial range of ecological conditions, the species 
reacts to the environment with marked changes in stature, flower size, flower 
number, and amount of anthocyanin. Thus Somerset plants on exposed, 
arid tundra are usually less than 8 cm high, with solitary flowers 5-8 mm long 
and purplish black scapes and calyces. In richer sites, such as the first two 
cliff sites described under Habitats, the plants (3606, 3620-DAOM) were up 
to 11 or 12 cm high, with 1—2 flowers 7-10 mm long and moderately pigmented. 
A collection from a sheltered nook on the cliff at Four Rivers Bay (3697) 
yields plants up to 18 cm high, with (1—) 2 (—3) flowers 8-10 mm long and 
varying from green to slightly purplish. This last collection is a very good 
match for plants from a similar site at Spence Bay (3842) where most of the 
plants are intermediate between the extremes noted above. There probably 
is also genetic control of the anthocyanin pigment, as in so many plants in 
which albinistic forms occur sporadically, and this fact may account for many 
of the Hudson Bay plants that Porsild (21) designates ssp. exaratoides; but 
the latter, coinciding in range with much of what he places in ssp. caespitosa 
(as eucaespitosa), if it is genetically distinct, might better be treated as a form. 


SAXIFRAGA CERNUA L., Sp. Pl. ed. 1, 403. 1753. 

Common on well-watered gravel slopes and cliff ledges or about boulders; 
near base camp, 3555, 3605; Four Rivers Bay, 3665, 3701; Aston Bay, 3732; 
central plateau, 3789. Common everywhere (Polunin). Stature varies 
markedly with growing conditions (see Table I1). 


SAXIFRAGA FLAGELLARIS Willd. ssp. PLATYSEPALA (Trautv.) Porsild, Botan. 
Tidsskr. 50: 16. 1954. 

Occasional, moderately dry gravel tundra; near base camp, 3563, 3608; 
Four Rivers Bay, 3647. Somerset, Parry. Port Leopold, Malte. Fury 
Beach, Ross, Markham. Port Kennedy, Walker. Limestone I., Horner. 
Widespread but, in my experience, never abundant. 
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SAXIFRAGA FOLIOLOSA R. Br. in Parry, 1st Voy., App., 275. 1824. 

Widespread but never abundant, in wet ground; base camp, 3581; Four 
Rivers Bay, 3646; Aston Bay, 3773; central plateau, 3790. Somerset, Parry, 
Ross. Flowers only in favorable situations. 


SAXIFRAGA HIERACIFOLIA Waldst. & Kit., Pl. Rar. Hung. 1, 17. 1802. 
Common and up to 35 cm tall on lower ledges and talus of southeast cliff 
(3710), scarce and much smaller on lichen tundra (3723), Four Rivers Bay. 


SAXIFRAGA HIRCULUS L. var. PROPINQUA (R. Br.) Simm., Vasc. Pl. in FI. 
Ellesmereland, 65. 1906. 

Common in sedge meadows; base camp 3559; Four Rivers Bay, 3651; 
Aston Bay, 3762. Port Kennedy, Walker. 


SAXIFRAGA NIVALIs L., Sp. Pl. ed. 1, 401. 1753. 

Common on moist gravel tundra, banks, and cliff ledges; base camp, 3554, 
3604; Four Rivers Bay, 3648, 3698; Aston Bay, 3734; central plateau, 3788. 
Common everywhere (Polunin). Although some of my plants are delicate 
or very stunted, I am unable to separate them on any single character from 
typical S. nivalis. From the material on hand I am still not fully convinced 
of the validity of S. tenuis (Wahlenb.) Sm. in the Canadian arctic. 


SAXIFRAGA OPPOSITIFOLIA L., Sp. Pl. ed. 1, 402. 1753. 

Abundant on dry or moderately wet gravel or rarely sand; base camp, 
3568; Four Rivers Bay, 3643; Aston Bay, 3724; Cunningham Inlet, 3785; 
central plateau, 3793. Common everywhere (Polunin). Densely pulvinate 
with closely imbricated leaves on dry ground, but much laxer on low ground 
or springy slopes and may form pendant mats on moist cliff ledges. No indi- 
cation of genetic variation was seen, but most of my collections were made 
rather late for the observation of floral variants some of which were reported 
from Cornwallis I. by Schofield and Cody (30). 


SAXIFRAGA RIVULARIS L., Sp. Pl. ed. 1, 404. 1753. 

Occasional among boulders and abundant along runnels below cliff, Four 
Rivers Bay, 3658, 3706; scarce on wet sand, 1100-1200 ft, central plateau, 
3791. ‘Port Kennedy” (Walker in Hooker, 1861). 


SAXIFRAGA TRICUSPIDATA Rottb., Skrifter Kjgbenhavnske Selskab. Laerd. 
Videnskab. 10, 446. 1770. 

Scarce on calcareous gravel at base camp, 3570, but moderately common in 
granite hills to southwest, 3607; scarce on beach gravel, Four Rivers Bay, 
3683, but common on cliff ledges inland, 3704. Common everywhere (Polunin). 
Actually it is doubtful whether this species would occur on Somerset were 
the igneous rock absent. Even three miles from the granite at base camp it 
was very scarce; it was absent from Aston Bay and Cunningham Inlet; and 
it is apparently absent from Cornwallis I. Dwarfed, generally reddish and 
with closely imbricated leaves in open, arid situations, but well-grown on 
cliffs. No genetic variants were seen. 
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CHRYSOSPLENIUM IOWENSE Rydb. in Britton, Man. 483. 1901. 

Locally abundant along brooks and in mossy sedge meadows, base camp, 
3584, 3619. Stamens four to eight in the only flowering material (36/9). 
This and the next species were determined by Mr. John G. Packer, University 
of Alberta. Mr. Packer has also obtained a chromosome count of 27=96 by 
germinating seed of a collection made in late summer at Spence Bay (3851), 
thereby confirming the report by Cody (4) of its occurrence there. It now 
seems evident that C. iowense and C. tetrandrum overlap in the Canadian 
arctic, but their individual ranges. are not yet clear. There is no obvious 
difference in the requirements of the two species and they may prove to occur 
together in some places. 


CHRYSOSPLENIUM TETRANDRUM (Lund) Th. Fries, Botan. Notiser, 1858. 
193. 1858. 

Locally abundant along runnels at base of cliff, Four Rivers Bay, 3709. 
Somerset, Parry (possibly the preceding species). Mr. Packer has been able 
to confirm his determination by germinating seed from the Four Rivers Bay 
collection and obtaining a chromosome count of 2n= 24, the number already 
reported for this species. He gives further details in a forthcoming paper (17). 


PoTENTILLA HYPARCTICA Malte, Rhod. 36: 177. 1934. 
Scarce, in moss on granite outcrop, Four Rivers Bay, 3660. 


POTENTILLA NIVEA L., Sp. Pl. ed. 1, 499. 1753. 
Locally abundant on sandy bluff, near base camp, 3573B. 


POTENTILLA PULCHELLA R. Br. in Ross, Voy. Disc. App. exlii. 1819. 
Occasional on springy calcareous gravel slope, Aston Bay, 3750. Somerset, 
Parry. ‘Port Kennedy” (Walker in Hooker, 1861). 


POTENTILLA RUBRICAULIS Lehm., Pugill. 2, 11. 1830. 
Occasional on sandy bluff, near base camp, 3573A. 


POTENTILLA VAHLIANA Lehm., Monogr. Pot., 172. 1820. 
Single small colony on enriched dry gravel, Aston Bay, 3765. 


DRYAS INTEGRIFOLIA M. Vahl, Skrifter Nat. Selskab. Kj¢benhavn, 4, 2: 171. 
1798. 

Common on dry to slightly wet gravel tundra; base camp, 3569; Four 
Rivers Bay, 3637; Aston Bay, 3742. Common everywhere (Polunin). 


EMPETRUM NIGRUM L., Sp. Pl. ed. 1, 1022. 1753, s.1. 

Reported by Markham (16, p. 246) as having been collected by McClintock 
at Port Leopold. Possibly an error in locality. Porsild (21) shows no other 
records from within 250 miles. It is not even known from Boothia Peninsula. 


EPILOBIUM LATIFOLIUM L., Sp. Pl. ed. 1, 347. 1753. 

Abundant on granitic gravel outwash fans southwest of base camp, scarce 
on sandy bluffs near camp, 3590; occasional on south-facing gravel slopes 
but not on outwash fans, Four Rivers Bay, 3682. Somerset, Parry. ‘Port 
Kennedy” (Walker in Hooker, 1861). 
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CASSIOPE TETRAGONA (L.) D. Don, Edinburgh New Phil. J. 17: 158. 1834. 
Common but flowering sparsely, mostly on west or southwest gravel banks, 
base camp, 3565; common on gravel tundra and southeast cliff ledges, Four 
Rivers Bay, 3652. Common everywhere (Polunin). Not found, however, at 
Aston Bay or Cunningham Inlet and apparently absent from Cornwallis I. 


PEDICULARIS CAPITATA Adams, Mém. soc. nat. Mosc. 5, 100. 1817. 

Occasional on moderately dry gravel tundra and cliff ledges; base camp, 
3578; Four Rivers Bay, 3639, 3714. Port Kennedy, Walker. Plants on well- 
watered cliff ledges (3714) were 12-20 cm high, those on tundra generally 
5-10 cm. 


PEDICULARIS ARCTICA R. Br. in Parry, Ist Voy., App., cclxxx. 1824. 

Occasional on moist tundra and springy slopes; base camp, 3560; Four 
Rivers Bay, 3642; Aston Bay, 3747. Port Kennedy, Walker. Very closely 
resembles P. langsdorffii Fisch., of which it is perhaps a subspecies. 


PEDICULARIS LANATA Cham. & Schlecht., Linnaea, 2: 583. 1827. 
Scarce on dry to moderately wet gravel tundra; base camp, 3561; Four 
Rivers Bay, 3641; Aston Bay, 3760. Port Kennedy, Walker. 


PEDICULARIS HIRSUTA L., Sp. Pl. ed. 1, 609. 1753. 

“Elwin Bay” (Markham, 1874). Port Kennedy, Walker. Not seen by me. 
Most of the records being from the east of our area, its occurrence on Somerset 
is probably sporadic. 


PEDICULARIS SUDEDICA Willd., Sp. Pl., ed. 4, 3, 209. 1800. 
Scattered in marshes or very wet ground; base camp, 3589, 3633; Four 
Rivers Bay, 3640. Scarce or overlooked in the central part of the archipelago. 


CAMPANULA UNIFLORA L., Sp. Pl. ed. 1, 163. 1753. 

Moderately common on southeast cliff ledges, Four Rivers Bay, 3703. 
Nearly all past bloom by 31 July. Not previously recorded from the central 
part of the archipelago, but goes considerably further north on the Baffin 
Bay coast. 


CHRYSANTHEMUM INTEGRIFOLIUM Richards. in Franklin, Narr. 1st Journ., 
App., 749. 1823. 

Scattered on moist gravel tundra, base camp, 3579; common on stony 
lichen tundra, Four Rivers Bay, 3644. Somerset, Parry. Port Kennedy, 
Walker. 


ARNICA ALPINA L. ssp. ANGUSTIFOLIA (Vahl) Maguire, Madrofio, 6: 153. 1942. 

Port Leopold, Ross. It is surprising that such a conspicuous plant should 
have been overlooked by Malte at Port Leopold, by other collectors elsewhere 
along the east coast, and by myself in other parts of the island. Porsild (21) 
shows no collections within 250 miles. As with McClintock’s record of 
Empetrum nigrum from the same locality on the same expedition, there is a 
distinct possibility that the specimen was actually taken the previous year 
in Baffin Bay. 
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TARAXACUM HYPARCTICUM Dahlst., Arkiv Botan. 4, 8: 17. 1905. 
Shown by Porsild (21) from northeast Somerset. Polunin included this and 
the next species with 7. phymatocarpum. 


TARAXACUM PUMILUM Dahlst., Arkiv Botan. 4, 8: 27. 1905. 
Scarce, in pockets of sand on granite outcrop, Four Rivers Bay, 3680. 


TARAXACUM PHYMATOCARPUM J. Vahl. Fl. Dan. 13, tab. mmcexceviii. 1860. 

Occasional on sandy bluff, very small except in nitrified area near fox dens, 
north of base camp, 3574; scarce on lower cliff ledges, Four Rivers Bay, 3702; 
scattered on dry to slightly moist calcareous gravel slopes, Aston Bay, 3761. 
Somerset, Parry (but see under 7. hyparcticum). 
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THE BIO-ELECTRIC POTENTIALS OF PLANTS 
AND THEIR FUNCTIONAL SIGNIFICANCE 


III. THE PRODUCTION OF CONTINUOUS POTENTIALS ACROSS 
MEMBRANES IN PLANT TISSUE BY THE CIRCULATION 
OF THE HYDROGEN ION! 


D. S. FENsom? 


Abstract 


Of the three types of membranes which occur generally in plant cells, lipoid, 
protein, and cellulose, it would seem that a protein-coated grid of cellulose can 
be envisaged as surrounding the cells. Such a membrane would appear to have 
the right pore size and properties to allow almost unfettered hydrogen ion dif- 
fusion but yet permit intercell biopotentials to be built up. It is pointed out that 
the most important ion involved in diffusion and in subsequent ion exchange 
would seem to be the hydrogen (as hydronium) i ion, and that tissue can con- 
veniently be divided into general areas of hydrogen ion production or hydrogen 
ion absorption. The resulting circulation of this ion is explored and discussed 
in relation to photosynthesis, respiration, protoplasmic streaming, and trans- 
port. These ideas are shown to give reasonable explanations for the results 
obtained in experiments and to resolve certain difficulties related to biopotential 
studies. They are considered to be useful since they predict some important 
results which can be experimentally tested, some of which are here given. 


Introduction 


The original paper of this series on the significance of bio-electric potentials 
in plants (17) was concerned mainly with a possible relation between these 
potentials and transport systems. Subsequent studies on the sunflower (18) 
showed that correlations do exist between transport patterns and biopo- 
tential patterns and that the measured changes in liquid flow may be inter- 
preted in terms of prior electrical changes. This does not conclusively prove 
that transport is the result of internally generated electrical activity, but it 
does suggest that the two are closely linked and that they are both linked 
with plant metabolism. This idea, while arrived at independently, is not 
new, for Lund (25, 26) apparently had such a scheme in mind shortly after 
he began his bio-electric studies in the United States in 1927. More recently 
Arens of Brazil (1) and Spanner of London (45) have each given their analysis 
of these relations and indeed many other plant physiologists seem to have 
reflected upon the possibilities of interacting ions, membranes, and enzymes. 

In recent years a great deal of work has been done on the biochemistry of 
enzymes connected with cell metabolism. The respiratory cycles have now 
been largely mapped out and these have been linked with the production or 
removal of ions by enzymes. In other words the chemistry underlying the 
origin of biopotentials is now becoming known—and is highly complex. 


1Manuscript received June 15, 1959. 
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The questions which remain are rather: where are biopotential gradients to 
be found? why do they act along conducting tissue or in roots, stems, and 
leaves as we find them? is there any unifying principle or pattern which will 
allow a simplification of such a network of complexity? when exactly will 
biopotentials act electroosmotically, and what should we expect from such 
a system viewed “‘electrokinetically’’? 

Other investigators have given their own answers to some of these questions 
and these will be discussed in due course. However, the answers which are 
obtained based on the peculiar properties of the hydrogen ion seem to be 
relatively simple and not previously expressed. The theory of plant mem- 
branes in relation to the mobility of the hydrogen ion is, therefore, presented 
below. While some of the underlying ideas were hinted at in the paper 
entitled ‘An electrokinetic theory of transport’ (17), these ideas are here 
discussed and developed so that further experimental studies may be used 
to test their usefulness. 


Ion Size and Mobility 

In plants the tissue may be thought of as membrane packets filled with 
liquid. These liquids are dilute electrolytes and in such solutions it is the 
ions which move appreciable distances, not electrons. Hence plants may 
be viewed as systems in which ions move wherever possible while electron 
motion is restricted to within molecules or to very localized enzyme centers 
or chains. This fundamental conception, which does not seem to be fully 
appreciated by every plant physiologist, has been particularly stressed by 
G. E. Briggs of Cambridge, and it is inherent in his writings (4, 5) and in 
his theory of apparent ‘‘free space”’. 

Within such a system of aqueous solution and ions, it will clearly be of 
importance to know which ions are most mobile. Mobility, of course, de- 
pends on ion size, ion charge, and degree of hydration and is a subject actively 
under investigation. However, there is evidence available (7, 10) to show 
that the hydrogen ion as hydronium (H;0*) moves the fastest in plant elec- 
trolytes with OH~ next, K* third, and the others well behind in the order of 
the Hofmeister series. 

The hydronium ion has a diameter of about 1.6 A (compared with 1.3 A 
for unhydrated, 3 A for hydrated potassium ion), is positively charged, and 
must be present in appreciable concentrations wherever respiratory acids 
are being produced. Because of its small size and loosely held proton it 
appears to be by far the most mobile ion present in plant tissue. Moreover 
the apparent mobility of the hydronium ion may actually be increased wher- 
ever bound water molecules are held in an oriented grid, for under similar 
conditions Bernal and Fowler (3) found that the resonating proton is able 
to flip across the bound water at high speed. 


Plant Membranes 

The membranes in plants may be grouped for convenience into three general 
types, cellulose, proteinaceous, and lipoidal. While many membranes will 
be mixtures of these, it is proposed to consider them individually. 
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The cellulose walls have now been explored quite intensively with the help 
of the electron microscope. Preston (34), Frey-Wyssling (19), and Setter- 
field et al. (42) have all noted the strands of cellulose microfibrils both of the 
primary and secondary cell walls. For our purposes it may be noted that 
the dry thickness of the strands is about 40 A while that of the interstices 
is about 100 A. When wet the gaps between microfibrils will decrease but 
may safely be given values of 40 to 80 A. This size is such that water and 
most small molecules and ions will be able to diffuse or move through the 
grid with comparative freedom even though the cellulose be covered with 
an absorbed layer of water which gives it an apparent negative zeta potential. 

Next in order of decreasing pore size will lie the membranes which will 
be called ‘‘proteinaceous” in this paper. This term will be used to refer to 
membranes which are predominantly protein in composition as opposed to 
those which are predominantly cellulose on the one hand or those which have 
a high proportion of lipoid on the other. These proteinaceous membranes 
may quite possibly have the same basic structure as the lipoidal membranes: 
they may be composed of discontinuous layers of lipoid coated with protein 
and broken by many passages also filled with protein mesh. However, 
this type of membrane is envisioned as being so heavily and loosely coated 
with protein in its external layers and having so much protein in its pores 
that the membrane properties are predominantly under the control of the 
protein constituent, and this constituent will now be discussed. 

Protein material in natural membranes should be likened to a mass of 
tangled fish netting, as Scatchard (39) says. The protein chains are highly 
irregular in orientation and quite heterogeneous in structure, so that the 
points of cross linkage will not be regularly spaced and in many cases flexible 
side chains will be hanging with outer ends free. In this case the size of 
channel may well vary from a minimum of 5 A up to say 25 A. However, 
it is well known that protein polymers change their shape and twist depending 
upon the ionic atmosphere and the degree of hydration. Hence this mesh 
must be pictured as flexible, irregular, and highly sensitive in particular to 
the hydrogen ion concentration of the liquid in its own interstices. The 
charge on the surface of this protein mesh will usually be negative owing to 
absorption of water by the strand, but will often be strongly negative due 
to the presence of charged groups particularly carboxyl on the protein. In 
spots the charge will, of course, be positive, where amino groups are exposed 
(7), and this would lead to the positive spots or channels postulated by 
Lundegardh (29). 

Through the protein membrane water and other uncharged molecules of 
very small diameter will diffuse with ease depending on the size and number 
of the channels. From this point of view it might be expected that with 
negatively charged protein, the lower the pH, the more open the mesh and 
hence the faster the possible water movement. On the other hand the small 
channel and high negative charge usually found will tend to prevent anions 
or negatively charged molecules from passing except where positive holes 
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exist. Cations and positively charged or neutral molecules of small mole- 
cular weight should be free to diffuse through such a mesh, again the lower 
the pH the greater the possible ion diffusion until even anions will be able to 
traverse the barrier in negative areas. This type of membrane may acquire 
charge not only by adsorption, and ion exchange within the membrane, but 
also by setting up concentration gradients inside and outside the mesh and 
above all by acting selectively on the ions present because of the particular 
size and the usual negative charge on protein mesh. 

The third type of membrane, the lipoidal type, may be thought of as a 
layer of polar molecules, usually of fat or fatty acid arranged only a few A 
apart (13). These membranes seem almost always to be coated with a 
protein sheath on each side and to have pores at intervals through them. 
Unlike the ‘‘proteinaceous’” membranes, these lipoidal films would seem to 
have only thin layers of protein upon them, perhaps of single molecular 
layers as Danielli (11, 13) suggests. Another difference between these mem- 
branes and the proteinaceous ones is probably in the size and frequency of 
pores. For while there is considerable evidence (11) to suggest that the 
pores in the lipoidal membranes are from 20 to 50 A in diameter (recent 
electron micrographs of the membrane around nuclei suggest many large 
gaps which are probably protein covered but lipoid free (24)), there is evidence 
also to show that these membranes are much more restrictive to the passage 
of water—and particularly to the passage of ions—than are the membranes 
classed as ‘‘proteinaceous’’. 

This lipoid type of membrane is also charged (again usually negatively) 
and there is evidence to show that enzyme systems occur within or upon it 
(27). These enzyme systems will contribute to various metabolic processes 
and may be directly responsible for active transport across the membrane 
pores and for the maintenance of electric charge upon the surface. However 
the physical properties of these lipoidal membranes could themselves account 
for many of the observed facts. For instance as long as the pores through 
the lipoidal layers are filled with loose protein the operative pore size may be 
reduced from 20 A to around 5 A and this alone will impede the passage of 
most ions and molecules other than water hydronium, hydroxyl, and hydrated 
potassium. On the other hand Burgen (6) has postulated a mechanism 
depending on pore shape which will selectively favor collection or retention 
of ions and certain molecules. in either case the passage of water and non 
lipoid-soluble molecules will depend on the frequency of occurrence and size 
of the pores. That these pores are infrequent in the lipoidal membranes is 
indicated by measurements of capacity and resistance. The cell membrane 
of animals and in plants the tonoplast and mitochondrial membranes have 
been found to have capacities around 0.5 to 1 uf/cm? and to have resistances 
of 1000 to 10,000 Qem? for membrane thicknesses of about 100 A (6, 22, 23). 
This not only agrees with the properties of lipoids rather than protein but 
also differs radically from the measurements of the outer membrane pro- 
perties (presumably the plasmalemma) of living Nitella made by Bennett 
and Rideal (2) in which the capacities recorded were around 0.003 uf/cm? 
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and the resistances were 8000 Qcm? for a layer 10 w thick. Bennett and 
Rideal interpreted their results as indicating that proteinaceous matter, 
penetrating into the cellulose grid of the cell wall, was withdrawn inwards 
when the cell was plasmolyzed. In this case the resistance was about 1000 
times less for the proteinaceous plant membrane than for known lipoidal ones 
(for comparable thicknesses) and this indicates that the movement of ions 
in general would be a thousand times greater in the protein than in the lipoid 
while it will be a million times greater in free solution than in the lipoid. 

The other evidence which favors the view that the lipoidal membranes 
around the vacuoles, the mitochondria, and the nucleus are much less perme- 
able than the outer plasmalemma is the experiments of Briggs and Robertson 
(5, 36, 37). Their work shows that the outer parts of many plant cells— 
and outer membranes too—are permeable to ions in a way which would be 
highly improbable if the plasmalemma were substantially lipoidal in type. 
This had led to the theory of ‘‘free space”’ in plant cells and the arguments 
which follow are not only dependent upon the correctness of such a theory 
but also would seem to provide another way to confirm its validity. 


Location of Potential Gradients 

Let us suppose that we have a plant cell surrounded by membranes (Fig. 1). 
The cell is full of water solution of sugars, oxygen gas, ions, etc. and is enclosed 
by the cell wall C, a strong but open grid of cellulose microfibrils, lined or 
interpenetrated by a mesh of proteinaceous matter, the plasmalemma, at 
B. The chief lipoidal membranes will be located at A, around the vacuoles, 
nucleus, and mitochondria. 


VACUOLE 


VACUOLE 


Fic. 1. Diagram of an idealized plant cell to show membrane arrangement. Lipoi- 
dal membranes, protein-covered, at A, ‘‘proteinaceous’’ membrane at B, and cellulose 
microfibril grid at C. 
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If the cell were dead, a potential gradient would be built up at the mem- 
branes A and B due to the Donnan effect but when equilibrium had been 
reached between internal and external solution there would be no net liquid 
flow continuing through the membranes. Under these conditions potential 
gradients will exist in or across the membranes A, B, or C, but these gradients 
will be static, representing the balance of electrical and hydrostatic forces. 
This sort of potential gradient can be measured in moist, dead wood. 

On the other hand, if the cell is ‘alive’ or exhibiting metabolism, the 
static conditions,must now be considered from a dynamic point of view. 
For instance if covalent sugar molecules are being converted into electro- 
‘valent ions at A, there will be very high local gradients wherever the enzyme 
centers exist. But there will also be ionic concentration gradients set up with 
the ions diffusing out from their production centers. Further strong poten- 
tial gradients will be build up wherever one type of ion tends to be selectively 
absorbed (as on the surface of A, B, or C), but also wherever one of the 
membranes interferes substantially with the natural concentration gradients 
set up by diffusion of the ions. Thus at lipoidal membrane barriers electrical 
gradients would only be expected where pores of appreciable size exist to allow 
diffusion in the lipoid film, otherwise the effect is one of absorption. At 
membrane B, however, since it is largely protein both diffusion and electrical 
potential gradients would tend to build up over large areas. Here the open 
network of channels will allow movement of the ions, but the movement will 
be restricted according to the ion charge and size as well as the channel 
charge and size. 

We have seen that the proteinaceous mesh appears to be usually negative 
in its absorbed surface charge and many of its channels will be under 10 A 
in diameter. This will have the effect of inhibiting movement of (a) large 
ions, (b) negatively charged ions, through it. The small cations will still be 
free to pass, and in the larger or positively charged pores small anions. Of 
course, water and the smaller covalent molecules would not be much hindered 
from passing through membrane B. 

Now if the metabolic processes inside B are such as to produce acids, 
there will be a small but quite appreciable concentration of hydrogen ions 
(H;0*) generated within the cell. These ions will diffuse outward and be- 
cause of their greater mobility and the ‘Bernal effect’’ will be able to leave 
the cell with comparative ease. As they do so the slower and larger anions 
will attempt to follow but will be barred at the inner. surface of membrane B. 
Other cations (K+ in particular) will attempt to move into the cell, but as 
long as respiration metabolism occurs, it will be the production and concen- 
tration of H;0* which will underlie the subsequent ion exchange. Doubly 
so, since the protein mesh at B is known to be sensitive to hydrogen ion 
concentration and its pore size will alter as has previously been pointed out. 
This then will result in a ‘dynamic’ potential gradient, mainly occurring 
across the inside edge of membrane B. 
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The electrical potential, Z, of a membrane impermeable to anions may be 
expressed according to Neihof and Sollner (31). 


E = RT/F In (yA/7B) (1) 


where A and B are cations and ¥ represents their relative mobilities. Lunde- 
gardh (28) has used a similar relation to show that when hydrogen ions are 
involved, as in roots, the acidity inside the membrane will be very high. 
His form of the relation would seem to be of considerable importance. 


E = RT/F (H+*,/H*2) (2) 


where H*,/H*, is the relative concentration of the hydronium ion. Lunde- 
gardh (29) and Robertson (36, 37) have worked out the consequences of 
these relations in roots to a remarkable extent, and it is here suggested that 
these ideas should be extended. In fact it would seem that in plants as 
Vervelde (46), Davies (12), and Danielli (11) have also noted, ion exchange 
sooner or later depends on hydrogen ion exchange if the plant is actively 
metabolizing. 

Hence we should find that masses of tissue which are maximally hydrogen 
ion producing should be negative in charge—the hydrogen ions have sped 
away as hydronium and the anions have accumulated at the proteinaceous 
barriers of the walls attempting to follow, while reversed ion exchange slowly 
tries to catch up. This, indeed, would appear to be the case since the areas 
of most active respiration per unit mass or of mitosis are invariably negative 
to other tissue if measured by probing the cells (see Figs. 3, 4, and 5). 

The reverse should also be the case. That is, areas of hydrogen ion ab- 
sorption such as those where acids are turned into covalent compounds 
should be less negative than others. This idea will be examined below. 

If this analysis based on the properties of protein membranes and the dy- 
namics of the hydronium or hydrogen ion is correct, the areas of over-all 
hydrogen ion production and hydrogen ion absorption should allow us to 
view tissue from a dynamic, non-equilibrium, point of view. In this way 
it should not be essential for us to know the individual enzymes, auxins, or 
chemical reactions involved, or for that matter the particular size and species 
of ion transferred at least for a first approximation to the ultimate picture 
of the mechanism. It should be pointed out that this suggestion does not 
appear to conflict with that of “anion respiration” or the salt accumulation 
processes developed by Lundegardh (29), Robertson (35), and their colleagues. 
The major difference proposed is that in plants the hydrogen ion circulation 
is envisaged as much faster and more extensive than electron circulation. 
In other words the electron transfer is thought of as local (within a cell or 
part of a cell), the hydrogen ion circulation as an almost systemic process 
(restricted only where there are lipoid membranes or insulating tissues). 
It is this circulation, linked to diverse metabolism, which is suggested as being 
the primary effect; the secondary effects are then the local change in mem- 
brane charge and size of pore (hence its ion exchange and its “‘leakiness’’) 
and the later effects of other ions. 
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Processes Relating to Hydrogen Ion Production and Absorption 
It is well known that changes in pH are linked with the processes of protol- 
ysis on the one hand and with oxidation—reduction on the other (7). These 


7 processes may be summarized as follows: 
Acid protolysis | 
water + acid @ radical~ + H;O*. (3) 
Oxidation 

reductant — oxidant* + electron, (4) 


or its converse, reduction, 
oxidant* + electron — reductant. (5) 


Reaction (3) is hydrogen ion producing when operating towards the right. 
This will be the case whenever an acid is formed which can dissociate appreci- 
ably, and the H;0+ production will be increased (a) by increase in acid con- 
= centration, caused, for example, by respiration, (6) by decrease in the concen- 
- tration of free radical—for example, when the radical is neutralized by close 
bonding cations or utilized in other processes, and (c) by the translocation 
of H;O* away from the reaction zone by, for example, its free migration 
through the plasmalemma. 

On the other hand, reaction (3) will be hydrogen ion absorbing if acid is 
being removed. An example of this would be in the evaporation of CO: 
from solution, 

H;,0+ + HCO;- = H.CO; + H.O = 2H,0 + CO, (5) 


as at the surface of a mesophyll cell in the leaf in the dark. 

While oxidation and reduction are processes involving electron transfer as 
shown in reactions (4) and (5), they need neither be proton forming nor re- 
moving. However, they can and do seem to operate in this fashion in certain 
. places in plants and while it is hoped to discuss the biochemistry of this sub- 
ject more fully in a later paper, an example of hydronium ion production 
resulting from oxidation may be written 


dehydrogenase 
substrate 
+ H.O H;0* + (6) 


where the electron is then accepted by the ferric iron of the cytochrome 
system of respiration. 

An example of hydronium ion removal to illustrate the type of reduction 
involved would be 


2H;0* + reduced oxygen — 3H:0. (7) 
(from a cytochrome-oxidase system) 


- All the reactions (3), (4), and (5) would seem to be of high importance in 
“2 this plant study, since respiration, photosynthesis, and other metabolic 
processes seem to fall into one or other category. Meanwhile it should 
again be noted that the H,O+ is the fast-moving or fast-migrating unit, 
since in these electrolyte — poor plant systems the electron cannot move as 
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freely as it could in a system of small inorganic molecules, highly electrolytic. 
Here it is restricted to a more or less straight and narrowly prescribed path- 
way consisting of a sequence of certain organic molecules at least some of 
which are probably bound to protein, even if momentarily, acting as electron 
acceptors and forming a redox gradient. This electron transport across 
cytoplasmic boundaries either into the vacuole or to the exterior is thought 
to rest upon the relatively sluggish motion of translocation with which mass 
carriers such as mitochondria are endowed. 

To put this in another way; where hydronium ions are the oxidant of a 
redox-reaction in plant systems, their greater mobility will tend to separate 
their movement from that of the accompanying electron movements, thus 
causing ion exchange and electrokinetic gradients to be set up near the enzyme 
system or across those membranes which allow differential rates of diffusion 
of ions. 

Bearing in mind these fundamental reactions, but without going into detail, 
it is possible to summarize those processes which will in plants tend to be 
hydrogen ion producing and those which will be hydrogen ion absorbing. 


A. Processes which are H30* Producing 

(1) CO, gas absorption into water, as at the surface of air and water of 
mesophyll cells in the leaf or in green stems in strong light (see Fig. 4). 

(2) Glycolysis: when hexose is converted into pyruvic acid, as in all cells 
where aerobic or anaerobic respiration occurs. 

(3) Aerobic respiration: when the products of glycolysis are converted by 
the Krebs cycle steps into the ultimate product HsCQOs. 

(4) Any other process where a covalent compound is turned into one which 
is electrovalent and which dissociates to liberate H;O*, for example the respira- 
tion of fats or the conversion of amino acid chains into more readily dissociated 
carboxylic acids. 


B. Processes which are H;0+ Absorbing 

(1) CO, gas removal from solutions of carbonic acid, as at the air—-water 
interface of mesophyll cells in the leaf (or in some cells of roots) in the dark. 

(2) Photosynthesis. Since this process involves the production of sugar 
and oxygen from carbonic acid, the chloroplasts in the light will be areas of 
hydronium ion removal. 

(3) Protein synthesis. This process may be thought of as conversion of 
ammonia and carboxylic acid into an amino acid, at least in the early stages 
and as such it will be hydronium absorbing. 

(4) Related to protein synthesis, but probably occurring in different 
tissue, is the reduction of nitrate to ammonia. There are conditions under 
which these processes could be hydronium absorbing. 

(5) If any process is capable of producing hydroxyl ions (or as we have 
called them above “reduced oxygen’’) this reaction should also become highly 
hydronium absorbing. 

(6) lon exchange processes which act as buffering reactions could be both 
H;0+* producing or absorbing, depending on the surrounding conditions. 
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The earth surrounding a plant will usually act as an area to absorb H;0* in 
this way. 


The Conditions for Electroosmosis 

The picture suggested here allows one to visualize the movement or even 
circulation of hydronium ions in a plant from areas of high H;0* production 
to areas of low production or of absorption. Such systemic circulation is, 
of course, chiefly possible in a region of tissue interconnected with ‘‘apparent 
free space’. Not only will such a movement of ions produce electrical 
gradients across protein membranes but also the circulation of other ions 
will come about. In particular the potassium ion would seem to combine 
the physical properties of small degree of hydration with not too large an 
ionic radius, so that of all the cations, its mobility should be second greatest 
through protein channels—in the reverse direction to the hydronium. 

However, the movement of these ions will also cause the movement of 
water and dissolved molecules of small radius even when osmosis is not a 
factor. Under these conditions if the net water flow is towards the negative 
area of electrical charge through tissue also negative in zeta potential the 
flow is, of course, electroosmotic. On the other hand if the water flow is 
towards the positive area (the tissue still having a negative zeta potential), 
the flow is tending to cause the potentials and these are called streaming. 
The Helmholtz equations and terminology for these two phenomena in 
plants were discussed in a previous paper (17) and it was shown that the poten- 
tials are of correct magnitude for these equations to describe the phenomenon 
of water movement in certain parts of plants. But it was well understood at 
the time that the Helmholtz equations were derived for tubes of much greater 
size than the protein channels of the plasmalemma. Moreover, the potential 
gradients were not closely specified except that they were across membranes. 
It is now necessary to examine the meaning and operation of electroosmosis, 
not in terms of tubes, but in terms of the passages in protein membranes and 
ion movement. The illustration given below was adapted from the work of 
Sollner and Héber by D. C. Spanner (43) but is changed slightly to fit the 
present argument. (Spanner uses two acids of different concentrations, in 
this paper KCI is used in place of HCI on one side; the argument is similar.) 

Consider a membrane (an example would be a lipoidal membrane) with a 
single large hole separating two solutions of the same molarity but with one 
of lower pH than the other. Such a membrane is pictured in Fig. 2A with 
M/10 KCI to the left and 17/10 HCI to the right. The ions are attempting 
to get through each way but since the chloride ion concentration is the same 
to start with, the cations alone will be considered. H,O0* will be attempting 
to get to the left and Kt will be attempting to pass to the right. Now since 
H;0+ moves faster than K* there will soon be more positive charges than 
negative to the left and the reverse to the right. Presently electrostatic 
charges will balance diffusion so that no net change will occur. But now, if 
we consider that the membrane is of the customary plant type with an absorbed 
negative charge on its surface (zeta potential), the pore in the liquid will have 
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a net positive charge. This in the electrostatic field will tend to move the 
liquid towards the right. This is electroosmosis. But in such a system as 
shown in Fig. 2A, the greater concentration of H;O* on the left will increase 
the osmotic force moving liquid to the left so that after a very short time these 
two flows will normally balance each other. 

However, there are other conditions which may arise to give unbalanced 
forces and hence permanent electroosmotic flows. The first is the condition 
of dynamic replenishment of H;O+ on the right and since this will usually be 
accomplished by some respiratory metabolism, where for instance ” moles 
of sugar plus 6” moles of oxygen turn ultimately into somewhat more than 6” 
moles of carbonic acid plus ions (if the acid is dissociated), electroosmotic 
action towards the right will tend to be maintained, while osmotic action 
may also operate in the same direction. 

The other condition which would seem to apply in a membrane made up 
mainly of protein mesh is shown in Fig. 2B. Here again we start with M/10 
KCI solution to the left and 17/10 HCI solution to the right. In this case 
there are in addition to the large pores numerous small pores, so small that 
the anion will be seriously restricted from penetrating the membrane in these 
places. Once again H,;0* will diffuse through to the left faster than Kt 
will diffuse to the right. After going so far this movement in all holes will 
be held back by electrostatic forces to balance the diffusion. In the large 
holes H;0+ and K* will eventually move at equal rates. However, this will 
not occur in the small holes, especially when the pores approach the size of 
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Fic. 2. Diagram of membranes separating one-tenth molar solutions of KCI and 
HCI: A, a membrane with “‘large’’ uniform-sized pores through which cations and anions 
can move freely (diam. say 10 A). B, a similar membrane with the same large pores 
but surrounded by numerous small pores through which the anions cannot move and only 
the most mobile cations can pass (diam. around 5 A). The letters e-o stand for electro- 
osmotic pressure, 0 stands for osmotic pressure. 
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the K* ion (while H;O* will still be relatively free to move). As a result the 
ions in the large pore will experience an added electrical force above their 
own free force, and electroosmosis will operate to move the liquid to the 
right. 

Spanner further points out that while the potential difference at the ends 
of the larger hole may be maintained by the smaller (if the latter are close 
enough) at a value above the “‘free”’ one, the potential at the ends of the smaller 
is concurrently reduced, and this will tend to cause an electroosmotic flow 
toward the left through them. It should be noted that such a condition will 
lead to small circulations occurring in the plasmalemma and to small local 
areas of charge difference on the membrane surfaces between two adjacent 
cells. The relative flows in each direction will depend on the proportion 
of small to large pores, their respective resistances to viscous flow, and the 
conductivities of solution on either side. In many cases it would be impossible 
to predict the net result but this is not always so: (@) where the small pores 
greatly outnumber the large ones (as is probably the case in many protein- 
aceous membranes); (6) where the small pores are tiny enough to resist the 
passage both of Kt ion and of water (so that the Bernal effect of proton 
transfer occurs across bound water); (c) where metabolism is such as to 
replenish the H;O* continually while making large and less mobile anions 
which will tend to augment the negative charges on the side of the membrane 
facing the seat of respiration. 

Once again it is the Briggs-Robertson theory of ‘‘free space’? combined 
with the natural heterogeneity of proteinaceous membranes which indicates 
that the conditions for local electroosmotic circulation will tend to occur 
between cells. General electroosmotic liquid transport may be expected 
where large-scale migration of ions goes on, and we may now say that this 
will be in particular where the hydronium ion is moving from areas of H;O+ 
production through channels adapted for this movement. Before leaving 
this section it should be pointed out that in the protein channels which have 
positive zeta potentials the electroosmotic flow will be in the opposite 
direction. 

The above argument has been based on conditions of approximately equal 
osmotic pressures on each side of a membrane. ‘Where osmosis is important 
the total movement may be expressed according to Schlégl (40) 

Kv = —(dP/dx) — pe (dQ/dx) (8) 
where K is a measure of the flow resistance of the membrane, v is the velocity 
of the center of gravity of all molecular species, dP/dx is the pressure gradient 
(osmotic and otherwise), and d(%/dx is the electrical field gradient driving the 
fluid across the membrane. pe is the electrical space charge of a unit volume 
of the fluid. The magnitude of the electroosmotic effect will be inversely 
related to the active membrane thickness, other things being equal (17, 45). 
Plant Tissue and H,0+ Movement 


It is now the time to compare actual facts about plant tissue with the 
theoretical ideas expressed above. Of course, only a few examples can be 
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given in this paper, but according to the work done in this laboratory they 
seem to be reasonably consistent between different plants considering the 
natural differences in tissue involved. 


Dead Wood 

As has been mentioned above, electrical potential differences may be found 
in dead wood when it is wet. These potentials are the “free’’ potentials 
resulting from local differences in ion concentrations, particularly in con- 
nection with proteins. They are Donnan potentials. 


Injured Tissue 

When living tissue is bruised by shearing or compression, this tissue is 
found negative to the rest (2, 18). According to the ideas presented above, 
injury damages or stretches the protein mesh which frees anions from vacuolar 
or other form of restraint and allows some of them to escape in quantity to 
the enzymically active protoplasts, conferring on the damaged area a measur- 
ably electronegative character. The plethora of anions might contribute 
to the increasing respiration rate that usually accompanies wounding, and 
this also contributes to the apparent area of negative potential. 

The bending of stems has been found to produce large fluctuations in biopo- 
tential and a similar explanation can be applied in this case which is again 
consistent with the ideas of H;O* production and anion constraint. 

Roots 

The electrical systems in roots have been carefully studied by various 
investigators. As Scott and his associates (41) point out the published pat- 
terns of root potentials are rather varied, but these can be resolved in almost 
every case by taking into consideration the measuring system. Any external 
measurements have shown (33, 38) the outside tip of the root to be positive, 
compared with the region of elongation (i.e. electrons move from the outside 
of C to the outside of B in Fig. 3). Internal measurements are different 
in this region, being most negative for the mitotic zone, positive for the zone 
of elongation, negative again for the root hair region, and becoming less 
negative higher up. This pattern has been essentially confirmed by Lund 
(27), Rosene (38), and their associates, who related it to areas of respiration 
metabolism. It is here related to area of hydronium ion production, absorp- 
tion, and diffusion as shown in Fig. 3. 

In Fig. 3 the various regions of tissue in the root tip are marked. The 
following interpretation of these areas and the known biopotentials is sug- 
vested: 

A. The outside of region A appears positive because (@) the root cap has a 
condenser effect, (0) protons can diffuse through it to some extent. 

B. The epidermal layers of region B may also act to some extent as a con- 
denser, but it is thought that in this region their permeability will be higher 
than the root cap. The mitotic region in the center is an area of maximum 
proton production and since the protons can here diffuse out rapidly, the 
inside will appear highly negative and the outside positive. Moreover the 
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Fic. 3. Diagram of typical root tip to show areas of hydrogen ion production and 
absorption. The externally measured e.m.f.’s are shown (after Pilet (33) — Scott (41) 
or Rosene (38)). Internal e.m.f.’s will be reversed in sign. Electroosmotic water flow 
will tend to be opposite to the arrows. For other details refer to text. 


resulting hydronium ion production tends to form a gradient toward the 
area of greatest hydrogen ion absorption (the areas of photosynthesis in the 
leaves). It is postulated that this gradient soon becomes in effect a channel 
leading to the formation of the future phloem sieve tubes, which are known 
to extend in some plants through the region of elongation to the mitotic 
region (30, p. 588 or 589). Along this gradient channel it is suggested that 
hydronium ions can move rapidly upward to the stem and leaves, a process 
which will automatically draw sap downwards into the root tip by electro- 
osmotic action (17, 43, and 45). Ground water and minerals will also be 
drawn into this region by electroosmosis, not through the phloem channel, 
but generally through the various tissues. 

C. The tremendous hydrostatic pressures which can develop internally 
when osmosis and electroosmosis operate together may be the cause of the 
rapid elongation of tissue in the region of overlapping B and C. However, 
the upper part of C has been found to be externally negative to the outside 
of B and is, therefore, an area of relative H;0+ absorption. According to 
this theory, this should be related to protein synthesis, nitrate or nitrite 
reduction, and possibly to synthesis of wall constituents. 

D. In the zone of root hairs the high aerobic respiration of these cells 
would make them areas of HsO* production and the diffusion of these hydro- 
nium ions into the surrounding earth may cause electroosmotic intake of 
water (in addition to natural osmosis). However, there is a further flow of 
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H;O+ from the xylem tissues moving down into the root tip. While some 
of these ions will be bound for zone C, most will cross the endodermis in 
zone D and flow out to the earth via the root hairs. This outward flow is 
again countered by a (slower) flow of water and ions other than hydrogen 
into the root and up the xylem. It should be noted that according to this 
hypothesis the potentials will always seem to be concentrated at protein- 
cellular barriers and here the membranes will act as metabolic pumps as 
explained in a previous paper (17). 

If this analysis is valid it should be expected that if a reversal of polarity 
by some natural means can be made to occur across root membranes, a reversal 
of flow should follow. Cailloux (8, 9) has noted that the absorption of water 
by a root hair is related to the aerobic respiration of that hair and also to the 
proximity of the hair nucleus. Such respiration would tend to make the 
root hair membrane more negative on the inside thus causing electroosmotic 
forces to assist the usual osmotic diffusion. When gaseous CO: was put 
around the outside of the hair, small droplets of exudation were then noted 
on the hair surface (9). This gas would not only tend to lower the aerobic 
respiration which normally takes place within the hair but would also have 
the effect of making the outer surface locally negative in charge compared 
with the inside hence reversing the electroosmosis to a slight extent (until 
the interior became negative to balance it). The effect of alcohol which 
was found to be similar may partly be explained as a surface tension pheno- 
menon, but a change in the electroosmotic process could also be expected in 
this case since the zeta potential of the membrane would obviously be altered. 


Leaves 

The electrical potential patterns in leaves do not appear to have been 
described in the literature to any considerable extent. This theory suggests 
that electrokinetic phenomena will be highly complex in these organs. Un- 
like roots where the main hydrogen absorption zones are the ground and the 
region of extension, the leaf cells exhibit photosynthesis, starch synthesis, 
and CO, gas exchange phenomena on their air—cell interfaces. These various 
activities change in relative action according to the light, the temperature, 
and the gas concentrations. None the less this present approach to the electro- 
kinetic theory allows a further stage of analysis to be reached which may, in 
due course, be checked against known fact of experiment. 

Part of a leaf cross section is shown in Fig. 4. In this diagram the xylem 
is suggested to be the receiver of extra hydronium ions (produced in particular 
by the mesophyll at night) and as these ions are conducted downward to the 
earth, water and minerals are pumped upwards into the leaf by electroosmotic 
action. Since in a green leaf the xylem cells still have barriers across them 
and are free from chloroplasts, these barriers should be electroosmotic pumps 
at the top of the plant. As long as respiration occurs freely in the leaf, they 
should pass H;O*+ downward and receive water in return. 

By night (Fig. 4B), or in particular for some time after light is removed, 
it is thought that the mesophyll cells will be actively hydrogen ion producing. 
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Fic. 4. Diagram of cross section of a leaf to show, A, movement of hydrogen ion 
relative to the cells and conducting tissue; B, the movement of hydrogen ion relative 
to the parts of one mesophyll cell in a period of light. Electroosmotic water flow will 
tend to be opposite to the arrows. For other details refer to text. 


This should have the effect of causing water to be pumped electroosmotically 
into the mesophyll cells and the water will then be forced out into the inter- 
cellular air spaces. This effect will, of course, be superimposed on normal 
evaporation effects. 

By day the chloroplasts will tend to become highly H;0+ absorbing and 
under these conditions the HsO0* may rapidly be absorbed from the phloem 
channels, in return for which the phloem will pass sap downward by electro- 
osmosis. In this case the mesophyll cells may even become positive on the 
inside of their cellular—protein membranes and water may in that case attempt 
to leave the cell against the action of classical osmosis. At an air—water 
interface this will have the effect of pumping water out into the air space 
and increasing the diffusion out of the stomata, but the process will be an 
“active” one, regulated by internal cell metabolism and in particular the 
oxygen and CO, content in the air space, as well as by evaporation effects of 
the external air. 

These effects are shown diagrammatically in Fig. 4B which shows some of 
the parts of a cell in the mesophyll which is touching an air space, a connection 
to the phloem sieve tubes, and a connection to the xylem trachea. The H;0*, 
some of which has come from the root, is shown absorbed in periods of light 
by the chloroplasts which become at times negatively charged due to the 
rapid removal of H;O* internally (10, 21). The mitochondria are also shown 
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negatively charged in this picture since they are an important seat of respira- 
tion and hence will be H;O+ producing during some stage of their cycle. 
They are pictured here as having lost their H;0+ by diffusion while the anions 
are being retained to some extent. The outer air—water interface is also 
shown as H;0* producing in light when O. and CO, are available in the air 
space. Water (and sap) of course moves in the reverse direction to the 
flow of H;O* except where ‘‘reduced oxygen” occurs. Any surplus of H;O0+ 
not used by the chloroplasts will be drained off by the xylem vessels. 

By night, as has been pointed out above, this theory suggests that the 
mitochondria will be H;0* producing and the chloroplasts probably neutral 
(but internally reducing). The air-water interface, however, will become 
H;O0+ absorbing and less water will be pumped off actively into the air space 
itself, although the cells will tend to become much more turgid. 

Before leaving Fig. 4B, it should be noted that this theory implies a circu- 
lation of hydronium ion in the cells of the leaf which gives a difference in 
electric charge to various points in the interior cell wall surface; also that 
the particles themselves become charged, in particular the mitochondria and 
the chloroplasts. Since the mitochondria are ot a size which allows a fair 
degree of migration and atsu since chey presumably can change from a charged 
to a neutral state as the available sugar is respired an irregular migration 
tendency of complex pattern should result. However, if this migration 
occurs under the influence of the Brownian movement, as of course it does, 
there should be a tendency for an internal circulation to be built up inside 
each cell to conform to the Coriolar effect, i.e., counterclockwise in the 
northern hemisphere, clockwise below the equator. This, it is suggested, 
is the mechanism of protoplasmic streaming, and it is this mechanism which 
was disturbed when duBuy and Olson (15) introduced applied potentials 
across living cells. 


Stems 

In Fig. 5 two portions of a stem are shown. Section A represents an area 
of tissue towards the surface of the stem with the right-hand side in contact 
with air. In tissue slight variations in respiration metabolism might occur, 
inducing local variations in H;0* production. Electroosmosis between cells 
might become operative, but it is more probable that local circulations would 
be set up at the cell walls due to the natural heterogeneity of the membranes. 

Figure 5B shows a diagram of inner tissue of a dicotyledonous stem in the 
cambium region. Internal penetration potentials are shown in relation to 
this tissue; these potentials are typical of dozens of measurements on fir trees 
or dicotyledonous trees taken at this laboratory. The most negative poten- 
tials have been found associated with tissue near the cambial region (it has 
not yet been possible to correlate the electrical measurements with particular 
cells). This corresponds closely with the relative change of oxidation rates 
noted by Goodwin and Goddard (20). According to this view, H;O* will 
be attempting to leave the cortex and in particular the cambium areas. The 
channels available for rapid H;O* flow, namely, the xylem conducting tissue 
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Fic. 5. Diagram of cross section of a dicotyledonous stem: A, to show hydrogen ion 
movement in a layer of outer parenchyma; B, to show hydrogen ion movement in the 
interior near a cambium. The potential gradients relative to the section B are given 
at the bottom (our data). Electroosmotic water flow will tend to be opposite to the 
arrows. 


on the inside and the phloem sieve tubes on the outside, will then transmit 
the H;O* to areas of hydronium absorption; the earth via the root hairs and 
the leaves. H;O+ movement in the sieve tubes would seem to be of the 
right kind to build up local gradients at the sieve plates and so cause electro- 
osmotic transport. In the xylem vessels, on the other hand, while the same 
tendency might well occur in very new xylem tissue (such as that near the 
cambium or in the root tips or in the young parts of leaves) in the older 
tissue with little protein lining the cellulose microfibrils, electroosmosis would 
appear to be improbable or at least very weak. In this tissue streaming 
potentials would be expected to accrue when ‘‘evaporation pull’ is high. 
With regard to potentials along the axis of a stem it is generally the case 
that the upper or outer sections are progressively more positive (internal 
measurements) than are the lower during the spring and summer months. 
This tendency is well known and may result according to this theory because 
(a) lower regions of phloem tissue are connected to zones of high H;O+ pro- 
duction as in the root tips, (b) when leaves come out the photosynthesis 
produces upper areas which are highly H;0* absorbing by day, and (c) high 
transpiration rates can be expected to produce streaming potential in the 
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xylem which will cause the upper end of a stem to become more electrically 
positive than the lower. Measurements on elms, red pines, and maples at 
Ridley College, Glendon Hall, and Angus, Ontario, confirm these gradients 
although they show that individual fluctuations from day to day and from 
tree to tree are of considerable complexity. Our measurements have also 
disclosed three cases when tissue of high electrical negativity (and hence a 
possible reversed stem gradient) are to be expected in the upper regions of 
stems. In the first place mechanical or chemical injury leads to abnormal 
potential gradients. Secondly, zones of negative tissue have been found 
above the nodes in green stems and around the junction of branches in young 
trees. Finally, measurements of buds or rapidly growing shoots show that 
such tissue is internally electronegative to the mature stem and a reversal of 
the usual stem electrical gradient is then found, at least in those shoots which 
are uniform along their axis and which are uniformly illuminated. It is 
hoped to describe these experiments in detail in a later paper, meanwhile 
according to this hypothesis these stem zones would seem to be relatively 
deficient in H;O* (either because of fast migration or because of absorption). 

To conclude, in spite of the apparent complexity of measured stem poten- 
tials there is reason to think that they may be in a large measure explained 
by this theory of H;0* movement when due allowance has been made for 
the time to transmit ion changes from the active centers (sources or sinks) 
to the place of measurement. And since the potentials in the uppermost 
parts of stems have been found in our experiments to be relatively negative 
during periods of high respiration or active growth, there is reason to expect 
that at these times the electroosmotic effect will actually cause water to move 
into the tips of stems regardless of the relative humidity of the surrounding 
air. 


Tissue Regions neither H+ Producing nor Absorbing 

There will also be regions of tissue in which the processes of hydrogen ion 
production and absorption go on at about equal rates. These areas should 
be found at the boundaries between areas of production and absorption: in 
some cases the superficies and stem apices. There will also be regions of 
tissue in which the metabolism is very low and these areas or areas of very 
massive tissue would appear to be neutral with regard to H;O* production. 


Comparison with Alternative Electrokinetic Theories 

The chief difference between this analysis and that of previous workers 
would seem to be the emphasis placed on the role of hydrogen or hydronium 
ion moving through plant membranes of graded pore size. Inherent in this 
scheme is the conception that the hydronium ion is circulated through the 
plant from regions of tissue actively producing the ion to regions which absorb 
it. Other ions try to circulate to balance the electrical disparities which 
result, but by their nature of size and charge relative to the membrane barriers 
they travel much more slowly and some electrical imbalance remains in 
particular across the intervening membranes. Also inherent in this scheme 


1022 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


is the idea that both respiration and photosynthesis take place in stages with 
a time interval occuring between the stages. In this interval the H,O* can 
be produced or absorbed at different places in the same cell, so increasing and 
varying the local electrostatic charge effects. 

It has been shown that this concept will agree quite well with the theory 
of electrokinetic transfer, and with a considerable volume of experimental 
fact. However, there are usually several ways to explain the same phen- 
omenon; in this case the chief alternative seems to be that physiological 
changes in the cells will themselves cause changes in biopotential without 
the aid of this particular ‘‘active’’ mechanism—the relative generation of the 
hydrogen ion. It is very difficult to decide this point conclusively and in 
view of this it is thought that a better test of its validity can be made by using 
the theory to make predictions. A few corollaries of this theory will be given 
below and the greatest indication of its value will be obtained by the fulfil- 
ment of these predictions. 

Before these proposed experiments are suggested it is necessary to discuss 
this present theory in relation to certain other proposals which are also electro- 
kinetic in nature. The first of these is the oxidation—reduction theory pro- 
posed by E. J. Lund (25, 26, 27) in the United States and amplified by K. 
Arens of Brazil (1). Lund and his colleagues found a relationship between 
ion movement and oxidation-reduction, also between oxidation-reduction and 
electrical biopotential. Arens has taken this idea and has shown that if the 
electrical gradients are applied over membranes, electroosmosis, protoplasmic 
streaming, and other phenomena will result. In order to produce their 
potentials they envisage an enzyme system operating chiefly at the inter- 
cellular barriers. 

In particular Arens supposes that electroosmosis occurs in a direction to 
bring water into a cell or into a vacuole because OH~ is produced internally 
and H* externally on the surrounding membrane. 

The theory of hydronium ion circulation presented in this paper was con- 
ceived independently and it has only been in the last year that D.C. Spanner 
of London drew attention both to his own reasonable explanation for electro- 
osmosis in phloem tissue (45) and to K. Arens’ work. There seems to be no 
very serious conflict in the three independent presentations, but rather diver- 
gences in viewpoint which will no doubt soon be resolved. There would seem 
to be two chief areas of difference between the Lund-Arens view and this 
present one. In the first place Lund and Arens tie electroosmosis down to 
oxidation—reduction loci alone, and while the hydronium ion theory will 
appear to give a similar direct dependence on oxidation—reduction, electro- 
osmotic gradients will also operate on membrane surfaces away from enzyme 
systems and, indeed, may operate due to protolysis or ion exchange quite 
far distant from the oxidation-reduction enzyme systems which ultimately 
sustain the activity. In the second place, Arens finds that electroosmosis is 
always towards the area of fastest oxidation: in fact as has been pointed out 
above he thinks that the inner surface of a membrane is negative because 
reduced oxygen or OH™ is produced thereon. While such electroosmotic 
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movement does indeed act in a similar direction in models and possibly acts 
across chloroplasts or even vacuolar membranes, the hydronium theory 
shows that it is not necessary but is only one of several conditions which may 
operate to produce electroosmosis. In view of the current ideas on apparent 
free space, this independence seems to be a great advantage. 

The second alternative serious proposal to suggest electroosmosis in the 
phloem of plants was made by Spanner, who arrived at the conclusion that 
this mechanism was operating from the viewpoint that the currently accepted 
theories of phloem transport were hydrodynamically impossible. To explain 
the electrical potential gradients across the sieve plates, Spanner has invoked 
the companion cells and the potassium ion. From the point of view of the 
present paper there is no reason to object to this view. On the contrary 
the potassium ion would seem to be the most important ion in many plants 
to move in reverse direction to the circulation of hydronium. Hence it may 
indeed be useful in building up very high local gradients at membrane inter- 
faces, particularly near the holes in sieve plates. However, the movement 
of the potassium ion should itself be dependent upon the prior movement 
of hydronium, and it should not be indispensable so that electroosmosis should 
be able to operate in the absence both of K* and of companion cells, but not 
as efficiently. It is the present tentative view of the writer that K* is vital 
to plants because of its particular operative radius; being less than that of 
other metallic cations (if hydration be considered) and hence most susceptible 
to changes of hydronium on the one hand and protein membrane on the other. 


Conclusions and Corollaries of the Electrokinetic Theory 

It is concluded that the natural properties of the hydronium ion in com- 
bination with the proteinaceous nature of the many plant membranes will 
explain the establishment of potential gradients across cell boundaries and 
other membranes. If the hydronium ion movement can be traced or pre- 
dicted, electrical gradients will be present to oppose or assist transport and 
polar phenomena. In particular the theory states the following. 

1. Transport 

Water or sap transport will tend to move electroosmotically into areas 
of H,O+ production and away from areas of H;O* absorption, except in a 
membrane where OH~ or “reduced oxygen” is being produced at which time 
water will tend to move towards the OH™~ along with H;,;0*. This may 
sometimes be in the same direction as the usual osmotic gradient or it may 
oppose it. When conditions arise so that water moves into a cell by osmotic 
action or evaporation effect against an electroosmotic pressure, the water 
will be found to move through the cellular—protein barriers into an area 
electrically more positive than before. This, of course, would be called a 
“streaming potential’. The so-called Diffusion Pressure Deficit should be 
found to be the algebraic sum of osmotic and electroosmotic forces in the 
cell. It should not be expected to turn out to be an equilibrium phenomenon 
in the usual sense of established balances. 
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2. Differential Rates of Particles Transported 

In conducting tissue the dissolved particles will tend to move at different 
rates depending on their size and charge. For instance, in dead xylem tissue 
particles should travel at different speeds depending on their radius, shape 
factor, and relative adsorptive power on cellulose. This should be rather 
like a column of material in a paper chromatograph. In living xylem or in 
phloem tissue a further separation in rate should occur where charged mole- 
cules—amines, amino acids, auxins—are concerned. In this case the analogy 
is to a chromatograph under electrophoresis, but with the electrical gradients 
occurring in tiny irregular steps. Studies like those of Nelson and Gorham 
with tracer sugars or amines (32) may elucidate this, although it is clear that 
transport of artificially injected sugars or amines was substantially different 
from transport of natural photosynthate. 


3. Polar Effect on Auxins and Growth 

The electrical polarity naturally varying as a result of different tissues and 
metabolic processes will tend in unspecialized tissue to cause charged mole- 
cules like the growth-regulating substances to migrate in specified fashion. 
This migration will in turn result in ‘‘feedback”’ to the electric fields and will 
be upset by electric fields applied artificially or by injury or reagents which 
will distort the existing natural gradients. 

4. An “Active” Part of Transpiration 

In leaves which are rapidly respiring in the dark or in dim light, the electro- 
osmotic action into the leaf tissue and xylem cells will be high. This should 
draw water into these tissues through the stem and the resulting high water 
pressure plus slight temperature increase (44) should force water molecules 
off into the leaf air spaces even when the external relative humidity is 100%. 
Under these conditions of respiration, leaves should appear to “transpire” 
if submerged under water. Thus a part of transpiration should appear to be 
a “‘vital phenomenon”’, as should also the phenomenon of guttation. 


5. Protoplasmic Streaming 

Small bodies inside the cell, when surrounded by lipoid-type membranes, 
should act as static charges in a weak electric field. When Brownian move- 
ment is superimposed on the field forces, slight Coreolar effects should be 
visible in cells examined in situ. This, of course, should only be visible on 
particles about 1 yw across. Mitochondria would seem to fall within this 
category and this effect might account for normal protoplasmic streaming 
which ceases when the cells are injured or when external electric fields are 
artificially applied. 


6. Biochemistry of Metabolism 

The processes of photosynthesis, respiration, protein synthesis, and possibly 
cellulose synthesis should all be found to be conditioned by the relative supply 
of hydrogen ion. This theory suggests that electrical cycles should vary in 
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terms of these processes and that the processes themselves could with profit 
be analyzed to find the exact point in space and time where the electron 
transfers to and from the H;O0* occur. 
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THE CONTROL OF GROWTH AND DEVELOPMENT IN 
RED CLOVER (TRIFOLIUM PRATENSE L.) 


II. LIGHT, TEMPERATURE, AND THE INFLUENCE OF GROWTH REGULATORS! 


Bruce G. CUMMING? 


Abstract 


Morphogenesis of Dollard red clover clones has provided indirect evidence 
that endogenous auxin level and, or, sensitivity of response of tissues to auxin 
vary according to light and temperature and as a function of genotype. 

The amount of growth and development was less in autotetraploid than in 
diploid plants. 

Root formation on propagules was influenced by relatively short-term different 
daylength pretreatments of intact plants; also, by the daylength and light 
intensity imposed during rooting. 

Under reduced light intensity extension growth already initiated was in- 
creased and this was related to increased “‘sensitivity’’ of growth response of 
stems and petioles to applied auxin. 

Morphogenetic effects relatively similar to those caused, respectively, by 
shortening the daylength and by lengthening the daylength resulted from 
antiauxin (TIBA) as compared with auxin (IAA) treatments. 

Concentrations of IAA that were primarily stimulatory to growth under 
shorter daylengths were inhibitory under continuous light. The primary 
re effect of IAA was on bud formation under SD but on stem elongation 
under 

The relatively similar and additive effects of photoperiod, applied auxin, and 
cold pretreatment are discussed. It is postulated that in red clover a greater 
endogenous diffusible auxin level is required for optimum formation of stems 
and inflorescences than for buds and roots. 

Manipulation of light and temperature and the use of growth regulators 
provide added precision in the control of growth and development in red clover. 


Introduction 


In a previous paper, methods for the recording and analysis of develop- 
mental patterns in the morphogenesis of red clover have been described (7). 
Growth and development in red clover is such that, on germination of the 
seed, a single tap root and crown are formed. From the crown, primary 
buds and shoots arise in the form of a rosette. 

The units for perpetuation of complete cycles of growth and development 
in red clover are the primary buds. It is possible, with the aid of the symbolic 
formula previously described (7), to record the sequential distribution of 
all lateral buds, shoots, and inflorescences borne upon the stem developed 
from any primary bud. Thus, estimates and comparisons of potentiality 
for growth and development under different environmental conditions can 
be related to the morphogenesis of the whole plant. 

1Manuscript received in original form March 16, 1959, and, as revised, June 1, 1959. 

Contribution from the Faculty of Agriculture, McGill University, Macdonald College, 
Que.. Canada. Journal Series No. 441. Based on part of a Ph.D. thesis, presented to the 

aculty of Graduate Studies and Research, McGill University, Montreal, Que., May, 1956. 


2Plant Research Institute, Research Branch, Canada Department of Agric ulture, Ottawa, 
Ontario. 
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The different ranges of growth response of roots, buds, and stems to auxins 
(3, 27), and the range for promotion of flowering by auxins (18), are concepts 
of considerable importance in any attempt to explain the physiological basis 
of morphogenetic response to environment. These responses do not neces- 
sarily represent the relationship between internal auxin concentration and 
growth rates. Nevertheless, observations of the morphogenetic effects of 
growth regulators under different environmental conditions can help to 
elucidate the relative importance of endogenous auxin in a particular plant 
species. In some dicotyledonous species, for example, increased daylength 
has been shown to cause an increase in endogenous auxin level (4, 16, 32). 
In the Gramineae, indirect evidence for increase in endogenous auxin level 
with daylength was obtained by Leopold (16) since either addition of auxin 
or subjection to longer daylength reduced the amount of tillering; addition 
of 2,3,5-triiodobenzoic acid (TIBA), subjection to shorter daylength, or 
decapitation increased the amount of tillering. 

The present paper is devoted primarily to a description of morphogenesis 
of red clover in response to daylength, light intensity, and application of 
growth-regulating substances. Differences between diploid and autotetra- 
ploid plants are also discussed. 

Tincker (30) found that although most plants of an early-flowering variety 
of red clover would not flower under 6-hour daylengths, some individuals 
flowered under a 9-hour daylength. Variability in this respect can be con- 
trolled by utilization of clonally propagated plants. 

In clones of the Dollard variety of red clover that were studied (1, 19), 
the relationship of plant height, area of individual leaflets, and erectness of 
habit (apogeotropism) showed increases with increase in daylength (8, 10, 
12, 14, 16 hours, respectively), but the number of leaves on stems (i.e. node 
number) showed an inverse relationship. Decreasing the light intensity 
resulted in more pronounced growth in the area of leaflets, more stem and 
petiole elongation, and a more erect habit of growth. Black (2) has reviewed 
the literature pertaining to the influence of light intensity on herbage plant 
growth. He concluded that the pasture legumes are intolerant of even 
moderate shade and that they are slow to become adapted to changed condi- 
tions. He suggested that the efficiency of utilization of light by pasture 
plants is most inadequately understood. 


Materials and Methods 

Selection of Plants 

Single plant selections from the breeding nursery of the Dollard variety 
of diploid red clover at Macdonald College were classified according to growth 
type (26) and propagated vegetatively to produce clones. To exclude geno- 
typic variability all succeeding studies were conducted with propagules from 
these selected clones. A rooted propagule of red clover that is in the vegeta- 
tive stage shows growth and development essentially similar to that of a 
seedling (6, 7). 
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Autotetraploid clones were obtained either from the vegetative propa- 
gation of selected tetraploid seedlings or by the following method. 


Induction of Tetraploidy by. Vegetative Means 

A method was found whereby some completely tetraploid plants could be 
obtained directly from diploid propagules. These plants were used in studies 
referred to specifically in the text. Units, referred to as “‘leaf-bud”’ propa- 
gules, each consisting of a leaf with petiole and stipules and a very small bud 
situated at the base of the petiole in the region of the midrib were placed in 
glass phials containing 0.2% aqueous colchicine with a trace of wetting agent. 
The propagules were left in solution with the primary leaflets just above the 
liquid surface for 14 hours, at a temperature of about 20°C. Treated propa- 
gules were then washed and placed to root in vermiculite with an overhead 
mist-spray system. A few of the plants surviving this treatment were found 
to be completely tetraploid, as determined by size and number of stomata 
per unit area, size of mature pollen, and by root-tip chromosome counts (24). 
Autotetraploid plants were thus derived directly from diploid clones and 
multiplied vegetatively. 


Low Temperature Treatments 

These were imposed by placing singly potted clonal plants outdoors, in 
cold frames covered with glass sashes, at the end of September in 1954 and 
in 1955. Control plants were placed under greenhouse conditions during the 
same periods. At the beginning of these treatments plants were less than 
6 months old, with good crown growth but without stem elongation. Low 
temperature treatment was discontinued in the third week of November in 
both years, when average outside temperatures approached 0° C contin- 
uously. During the period of low temperature treatment, outside minimal- 
maximal day and night temperatures were in general 4-20° C and 0-10° C, 
respectively; those in the greenhouse were 15—27° C and 13-15° C, respectively. 


Photoperiod and Light Intensity 

In certain treatments plants were grown under natural daylength. At 
Macdonald College the effective daylength varies from a maximum of be- 
tween approximately 17 and 18 hours in midsummer to a minimum of approxi- 
mately 10 hours in midwinter. Unless stated otherwise, natural daylength 
was supplemented when necessary by the use of 150-w reflector flood lamps 
operated on automatic time switches; these lamps provided an intensity of 
ca. 150 ft-c at plant height. Plants that were subjected to photoperiodic 
treatments were placed in lightproof cabinets for the appropriate dark period. 

In experiments involving the rooting of propagules in vermiculite under 
different daylengths, 300-w reflector flood lamps provided supplemental 
illumination of 400 ft-c at the level of the propagules. A mist-spray system 
that was used to maintain high humidity also allowed temperatures to be 
kept between 15 and 18° C. 
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Growth Regulator Treatments 

Unless otherwise stated, either the soil or the vermiculite in which plants 
were growing was soaked with the appropriate concentration of growth 
regulator on specified dates. At other times normal watering was carried 
out. Aqueous solutions of 3-indoleacetic acid (IAA), 1-naphthaleneacetic 
acid (NAA), and 2,3,5-triiodobenzoic acid (TIBA) were used. 


Results and Discussion 


The influence of various factors on morphogenesis in red clover are dis- 
cussed in experimental results under the following headings. 
A. Effect of daylength, low temperature, IAA, and TIBA treatment of 
plants. 
Effect of daylength on root formation on propagules. 
. Daylength sequences and lateral bud and shoot formation. 
. Photoperiod. 
Interaction of light intensity and auxin treatment. 
Light intensity and root formation on propagules. 
Morphogenesis of diploid and tetraploid plants. 
. Root formation on diploid and tetraploid propagules. 


A. Errect oF DAYLENGTH, Low TEMPERATURE, IAA, AND TIBA 
TREATMENT OF PLANTS 


Experiments 1, 2, and 3 are grouped below so that they can be discussed 
together, since the results of each were complimentary to one another. 


Experiment 1 

Plants of clone 9 were placed under daylengths of 12, 16, and 24 hours 
on 20 November, 1954. There were 36 plants under each daylength and 
equivalent groups of 12 plants were watered with either 0, 25 p.p.m. TIBA, 
or 100 p.p.m. IAA, once every 5 days during the period of the experiment. 

Half the total number of plants within each treatment had received low 
temperature pretreatment in the autumn of 1954, the other half had received 
normal temperatures (temperature pretreatments: L.t.°, N.t.° respectively). 

The symbolic formula described previously (7) was used to record the 
amount of growth and development that took place under each treatment. 
Figure 1 was constructed from mean values of data recorded on 13 February, 
1955, from three plants of clone 9 selected at random from each treatment 
combination. Seven morphogenetic characteristics are represented under 
the categories A-F in Fig. 1. 


Experiment 2 

Plants from three different clones (clones 13, 9, and 23, of growth types O, 
I, and IV, respectively) were placed under natural daylengths (SD) and 16- 
hour daylengths (LD). Under each daylength 12 plants of each clone were 
watered with IAA once every 5 days during the period of the experiment; 
an equal number were included as controls. Half the number of plants 
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within each treatment had received a low temperature pretreatment in the 
autumn of 1955. Data were recorded for each treatment from three plants 
chosen at random from each clone on 9 February, 1956. 
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Fic. 1. Morphogenesis of red clover. Influence of normal and low temperature 
pemeanes and subsequent treatment with IAA, 0 (control), and TIBA, under 12- 
our, 16-hour, and 24-hour daylengths. Clone 9. Data recorded 13 February, 1955 
(experiment 1). 
The histograms in Fig. 2 are the mean values of all clones. Twelve mor- 

phogenetic characteristics are represented under the categories A-L. 

Apogeotropism of petioles (1) was determined as follows: 

Prostrate = 0-10° from horizontal, 

Semi-prostrate = 10-30° from horizontal, 

Semi-erect = 30-60° from horizontal, 

Erect = 60-90° from horizontal. 
The leaf index (L) was calculated from: 


mean length of median leaflet 
mean breadth of median leaflet 


Categories (I), (J), (K) are means from a representative sample of crown 
leaves. 

Figures 3 and 4 illustrate plants of clone 23 that were typical of the differ- 
ences observed under the various treatments. In these figures separate 
plants are shown for control (0) and IAA treatments; thus, eight plants are 
shown for the following four treatment combinations of normal vs. low 
temperature pretreatment (N.t.° vs. L.t.°) and short vs. long daylengths 
(SD vs. LD). 


i 
| 
i 


1032 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


70 
= 
= 2 
504 zz TREATMENT 
c= 
40_ So PZZACONTROL 
be 
@ 304 z= - 
“ w 
z 205 ¢ 
10-4 5 
ou 
14 a 
q 3 254 
?- WIE Bz 
Ze 4 q 
Ya 15-4 
a 4 
6- 25 10 
eu a z 
w> 47 4 
> 4 
z= 4 z © 
o 0 
¥ 
é Erect 
we 
3- x tect 
w © Semi- 
a w 
Part) © Prostrate 
z 
=i < 
6 Prostrate 4 
z 2.5- K 
wO 2.04 = 
= yO 2. 
ge 4 z= 7 
2Z15- 
& 
7 
A104 a w 
=< 


Fic. 2. Morphogenesis of red clover. Influence of normal and low temperature 
pretreatment and subsequent treatment with 0 or 100 p.p.m. IAA under short and long 
daylengths. Mean values of clones 9, 13, and 23. Data recorded 9 February, 1956 
(experiment 2). 

Experiment 3 

In this experiment 24 large plants of clone 9 were grown in vermiculite 
in 7.5 in. diameter glazed earthenware crocks, and watered with nutrient 
solution (6). Twelve of these plants were exposed to normal and 12 to low 
temperature pretreatment in the autumn of 1954. Equivalent groups of 
these plants were treated under natural daylength (SD) with either 0, 25 
p-p.m. TIBA, or 50 p.p.m. IAA, once weekly from 14 December, 1954, until 
9 January, 1955, and from then on, once weekly with either 0, 25 p.p.m. 
TIBA, or 100 p.p.m. IAA, respectively. Data were recorded on 4 May, 
1955. At this date the length of day had attained the minimum value that 
is normally necessary for photoinduction of this clone. 
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In Table I are recorded mean values of the morphogenetic characteristics 
of plants treated with TIBA, water (control), and IAA respectively, after 
normal and low temperature pretreatments. Figures 5, 6, and 7 illustrate 
plants from L.t.° that were treated with TIBA, water (control), and IAA, 
respectively. 


TABLE I 


The influence of normal and low temperature pretreatment, interactions with TIBA and 
IAA in developmental growth. Clone 9 recorded 4 May, 1955 (experiment 3) 


Normal temperature Low temperature 
pretreatment pretreatment 
Characteristic TIBA Control IAA  TIBA Control IAA 

Total no. of crown buds 14 4 5 5 2 5 
Total no. of primary stems 17 24 26 34 35 35 
Av. number of nodes on primary stems 27 26 24 21 15 11 
Number of primary stems with aborted 

inflorescences 10 1 12 0 0 34 
Number of primary stems with visible 

developing inflorescences 0 5 0 0 0 0 
Av. no. of lateral shoots per primary 

stem 7 6 4 6 5 3 
Av. no. lateral shoots with aborted 

infls., per primary stem 0 0 0 0 0 3 


Discussion of Results in Experiments 1-3 

(i) The Influence of Daylength 

With the clones utilized in these studies, under SD of 12 hours or less 
there was negligible stem elongation and flowering did not occur (Figs. 1-3). 
Under longer daylengths the amount of growth and development that had 
occurred within a specified time was greater (Figs. 1-4). This was shown 
by the greater amount of stem and petiole elongation, higher leaf index, 
increased apical dominance, and increased apogeotropism. It was found 
that with most of the clones studied initiation of stem elongation and flowering 
occurred most rapidly under continuous light and these conditions generally 
favored the minimum node number for flowering (Fig. 1. and ref. 6). 

Auxin diffusion studies in red clover will be reported in some detail else- 
where (8): with increase in the daylength to which red clover plants were 
subjected there was an increase in the amount of endogenous auxin obtainable 
from apices and maximum diffusible auxin was obtained from apices of plants 
maintained under continuous light (6). A generally greater amount of auxin 
diffused from apices in light than in darkness (6). In some other species 
increased daylength has been shown to cause an increase in endogenous 
auxin level (4, 16, 32). In Vicia faba it was observed that in darkness auxin 
production soon ceased (29). 

The rapid initiation of stem elongation and flowering of red clover under 
continuous light (Fig. 1 and ref. 6) is in accordance with the occurrence of 
maximal endogenous diffusible auxin under similar daylength conditions. 


‘ 
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(ii) The Influence of Low Temperature 

Increase in the rate and the amount of growth and development after 
“‘vernalization”’ of red clover seedlings has been reported (33). In the present 
studies the amount of growth and development of red clover clones was 
increased after low temperature pretreatment (Figs. 1-4, Table I). The 
differences in morphogenesis brought about by subjecting plants to low as 
compared with normal temperature pretreatment were proportionately 
quite similar to those differences brought about by increasing the daylength. 

It has been postulated that an increase in auxin level may occur in pine- 
apple plants subjected to low night temperatures; a faster rate of develop- 
ment occurred under these conditions (23). Pineapple plants can be in- 
duced to flower by spraying them with auxin (5). Low temperature treat- 
ment of seeds of pea and tomato, following a pretreatment soaking in auxin 
for 24 hours, resulted in large but inconsistent increases in these crops, and 
in Alaska pea a quantitative hastening of floral initiation was observed (17). 
The earlier induction of floral initiation in red clover that occurred under 
near critical daylengths, after application of auxin to low temperature pre- 
treated plants (Figs. 6, 7, Table 1), provides some corroborative evidence in 
relation to the above. Of a similar nature were the interactions shown 
between treatments involving application of auxin or antiauxin under dif- 
ferent daylengths, after low as compared with normal temperature pretreat- 
ment (Figs. 1-7, Table I); these are referred to in the following text under 
Section V. 


(iii) The Influence of TIBA 

Plants treated with TIBA showed morphogenetic responses that were 
proportionately quite similar to those elicited by shortening the daylength 
(Fig. 1, Table 1). Under all daylengths the amount of bud formation and, 
under LD, the number of inflorescences formed per mature primary stem 
were increased by TIBA. Application of TIBA to red clover plants has 
been shown to reduce the amount of auxin that can be diffused from apices 
or translocated in a polar direction through stem segments (6, 8). Galston 
(9) has shown that TIBA can antagonize the effect of IAA and also that it 
can reduce apical dominance. Several reports provide evidence that TIBA 
can block the basipetal translocation of natural auxin and IAA (13, 15, 22). 


(iv) The Influence of IAA 

In contrast to the responses elicited by TIBA, red clover plants treated 
with IAA showed morphogenetic responses that were proportionately quite 
similar to those elicited by lengthening the daylength (Figs. 1-4, 6, 7, Table I). 


(v) Interactions between Temperature, Daylength, Auxin, and Antiauxin 
Treatments 
Under SD, the amount of bud formation was increased by application of 
TIBA (Fig. 1, Table I) and also, but to a lesser extent, by IAA (Figs. 1-3). 
However, while TIBA reduced the elongation of petioles, enlargement of 
leaflets and apogeotropism (Figs. 5, 6, and ref. 6), LAA, under SD, was stimu- 
latory to the growth and apogeotropism of leaves and stems (Figs. 2, 3). 


PLATE | 


Fics. 3 and 4. Morphogenesis under SD (Fig. 3) and LD (Fig. 4). A and E, normal 
temperature pretreatment, no IAA; B and F, normal temperature pretreatment followed 
by IAA treatment; C and G, low temperature pretreatment, no IAA; D and H, low tem- 

rature pretreatment followed by IAA treatment. Clone 23. Photographed 9 

ebruary, 1956 (experiment 2). 


Cumming—Can. J. Botany 


| 4 » 
| 
ay 
| 
Cs 3 


PLATE II 


™er-- 


Fics. 5, 6, and 7. Growth and development of low temperature pretreated plants. 
Clone 9. Plants treated with TIBA (Fig. 5), water (Fig. 6), and IAA (Fig. 7) (experi- 
ment 3). 
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The fact that IAA as well as TIBA could increase the number of buds under 
SD is of interest, since in other instances the effects of these growth regu- 
lators were generally opposed. 

Under SD, IAA stimulated bud formation to a lesser extent after low 
than normal temperature pretreatment (Figs. 1, 2). In contrast, the effect 
of low temperature pretreatment and IAA in increasing extension growth 
was additive (Figs. 1-3). 

Under LD, the most noticeable effect of TIBA was in delaying initiation 
of stem elongation and increasing the amount of lateral bud or shoot formation 
per primary stem, particularly under intermediate daylengths of approxi- 
mately 16 hours (Fig. 1). Similar effects of TIBA have been shown under 
field conditions with spaced plants of red clover (7). In contrast to TIBA, 
the primary effect of IAA, when applied under intermediate daylengths, was 
to increase the total amount of stem elongation (Figs. 1-4). Under contin- 
uous light this stimulatory effect of IAA was not apparent and, particularly 
with low temperature pretreatment, the most noticeable increases in apical 
dominance were observed with IAA treatment (Fig. 1 and ref. 6). 

The preceding results suggest that in red clover there are specific inter- 
actions between environmental conditions, endogenous auxin level, and the 
response of tissues. 


B. EFFECT OF DAYLENGTH ON RooT FORMATION ON PROPAGULES 


The following experiments were conducted to determine the influence of 
daylength on root formation. 


(i) Effect of IAA Pretreatment of Propagules and Effect of Daylength A pplied 
During Rooting 

Propagules were taken from plants of clones 44, 39, and 59, and these were 
subjected during rooting to one of three daylengths: 8 hours, 16 hours, or 
24 hours. The supplemental illumination was 400 ft-c intensity. Under 
each daylength 80 propagules of each clone were used, 40 were presoaked in 
20 p.p.m. IAA for 12 hours, the remainder were presoaked in water for the 
same period. The experiment was replicated twice and started on 24 October 
(Rep. I) and 29 October (Rep. II) 1954. The three daylength treatments, 
with and without IAA presoaking, formed the main plot treatments of a 
split-plot design, clones were subplots. 

Data were recorded on 7 November, 1954, for number of propagules rooted, 
the number and mean length of all primary roots per rooted propagule, and 
the number of leaves per rooted propagule. 

There were significant differences between replicates for number of pro- 
pagules rooted (‘‘F’’ test, significant at 1% level) and for number of roots 
per rooted propagule (‘‘F’’ test, significant at 5% level). 

There were no significant differences in the number of leaves per rooted 
propagule under the different treatments; the mean number was 1.5. . 

There were significant differences between clones in the percentage of 
propagules rooted and in the mean number of roots per rooted propagule; 
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the differences in mean root length were not significant. .There were no 
significant interactions of treatments with clones. Table II shows the 
mean values over all clones of percentage of propagules rooted, the mean 
number of roots, and the mean length of roots per rooted propagule, under 
the three daylength treatments, for control and IAA presoaking. 


TABLE II 


Percentage of propagules rooted, mean number and mean length of roots per rooted propagule 
under daylengths of 8, 16, and 24 hours. Presoaking of propagules for 12 hours in 0 
or 20 p.p.m. IAA. Mean values from two replications of clones 44, 59, and 
3 Data recorded 7 November, 1954 


Percentage of propagules Mean Mean length of 
rooted no. of roots roots in cm 
Daylength 0 IAA x 0 IAA x 0 IAA # 
8 hours 75.0 78.8 76.8 4.7 5.5 Ae | 1.0 1:3 i2 
16 hours 88.8 86.3 87.5 6.4 12 6.8 2.2 2.4 23 
24 hours 85.8 93.3 89.5 55 6.3 5.9 2.9 3.0 3.0 
Mean 83.3 86.0 84.5 a5 6.3 5.9 2.4 23 2:2 


The results showed that the per cent of propagules rooted without pre- 
soaking in IAA was significantly less under 8-hour than under either 16- 
hour or 24-hour daylengths. With IAA presoaking there was a significantly 
higher percentage of propagules rooted under 24-hour only as compared with 
8-hour daylengths; the other differences were not significant (6). 

The number of roots per rooted propagule under 16-hour daylengths, 
with or without IAA presoaking, was significantly higher than under 8-hour 
or 24-hour daylengths. The differences in the number of roots between 8-hour 
and 16-hour daylengths were highly significant. The increase in the number 
of roots attributable to IAA treatment was highly significant. There was 
no interaction between IAA presoaking and daylength treatment during 
rooting (6). 

The linear regression coefficients for increase in root length on increase in 
daylength were, for control: by, = 0.11, for IAA presoaking: by, = 0.12; 
both significant between the 1 and 5% levels in the ‘‘t’’ test, i.e. the mean 
length of roots formed on propagules increased as a linear function of the 
daylength imposed during rooting. The close approximation of the two 
regression values for root length shows that, as with root number, there 
was no interaction between IAA treatment and daylength. 


(ii) Effect of Daylength Pretreatment of Plants on Subsequent Rooting of 
Propagules 
The following experiment was designed to test the influence of daylength 
pretreatment of plants on the rooting of propagules that are subsequently 
taken from these plants. Plants of clone 9 possessing mature stems with 
lateral bud growth in the ‘‘second cycle of vegetative growth” (7) were 
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placed under daylengths of 8 hours, 16 hours, and 24 hours, respectively, 
on 10 October, 1954. Leaf-bud propagules were taken from these plants on 
24 October; 120 propagules were taken from plants under each daylength, 
40 from each treatment were then placed for rooting under 8-hour, 16-hour, 
and 24-hour daylengths (total 360 propagules). Vermiculite was used as 
rooting medium with a mist-spray system and supplemental illumination 
of 400 ft-c intensity. 

Because the different daylength pretreatments were of relatively short 
duration, plants were quite similar morphologically at the time propagules 
were taken. 

Results were noted on 14 November, 1954. Figure 8 shows the mean values 
of (a) percentage of propagules rooted; (6) number of leaves per rooted pro- 
pagule; (c) number of roots per rooted propagule; (d) mean length of roots per 
rooted propagule. 
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Fic. 8. Effect of 8-hour, 16-hour, and 24-hour daylength pretreatment of plants of 
clone 9 on subsequent rooting of propagules under 8-hour, 16-hour, and 24-hour day- 
lengths. Lengths in cm. 
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The differences in the percentage of propagules rooted under the nine 
treatment combinations were not significant. The maximum number of 
leaves and the number and length of roots per rooted propagule were pro- 
duced on propagules from plants pretreated with 8-hour daylengths. The 
number of leaves and number of roots per rooted propagule were lowest from 
the 24-hour daylength pretreatment of plants. Root length was, in general, 
lowest after 16-hour daylength pretreatment. 

With respect to daylength imposed during rooting, except for 24-hour 
daylength pretreatment, a peak under 16-hour daylength was shown for 
number of roots per rooted propagule, confirming the results shown in Table 
II. Root length, in general, showed a linear relationship to increase in the 
daylength imposed during rooting. The linear regression of root length on 
daylength imposed during rooting was highly significant (6). 


C. DAYLENGTH SEQUENCES AND LATERAL BuD AND SHOOT FORMATION 


The sequence of daylengths to which a plant is subjected can considerably 
influence plant “‘habit’’; that is, the characteristic appearance of the plant, 
expressive of growth and development in response to environment. This 
was illustrated by the following experiment. 

Equal numbers of plants of clone 9 were subjected to one of the following 
four daylength sequences. 


1. Natural daylength from 2 March, 1953, to 30 July, 1953; i.e. plants 
under SD gradually extending to LD. 

2. Natural daylength from 2 March, 1953, to 29 May, 1953, then 8-hour 
daylengths from 29 May, 1953, to 30 July, 1953; i.e. plants under SD gradu- 
ally extending to LD, followed by SD. 

3. Sixteen-hour daylengths from 2 March, 1953, to 29 May, 1953, then 
8-hour daylengths from 29 May, 1953, to 30 July, 1953; i.e. LD followed by 
SD. 

4. Sixteen-hour daylengths from 2 March, 1953, to 30 July, 1953; i.e. 
LD throughout. 


Figure 9 illustrates the morphogenetic responses of plants to these treat- 
ments. These responses were as follows. 

1. SD gradually extending to LD.—The initial SD of the natural daylength 
allowed a longer period for vegetative growth in comparison with those 
plants subjected to LD from 2 March. Thus, a greater number of primary 
and lateral buds were formed prior to stem elongation and floral initiation. 
Also a greater number of nodes were formed on the primary stems before LD, 
in the latter part of the period from 2 March to 30 July, stimulated more 
rapid stem elongation and induced flowering. 

2. SD gradually extending to LD, followed by SD.—Similar to treatment 1 
in the period from 2 March to 29 May. The critical photoperiod was reached 
at the end of this first period and stem elongation and floral initiation occurred, 
but at a reduced rate. With the imposition of SD in the second period, 
most inflorescences aborted. In this second period primary and _ lateral 
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Fic. 9. Growth and development under four photoperiodic sequences. Clone 9. 
1, SD gradually extended to LD; 2, SD gradually extended to LD, followed by S.D.; 
3, LD followed by SD; 4, LD throughout. ‘Treatments started 2 March, 1953; plants 
photographed 30 July, 1953. 
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bud growth was favored. Under this treatment leaflets were smaller in 
size, the leaf index was lower, petiole and stem elongation, and apogeotrop- 
ism, were less than under the other photoperiodic sequences. 

3. LD followed by SD.—Inflorescences were initiated under the LD be- 
tween 2 March and 29 May, more rapidly than under treatments 1 and 2, 
and this accounted for a lower number of nodes on the primary flowering 
stems. Transference to SD from 29 May to 30 July resulted in abortion of 
some inflorescences. Since LD in the first period had stimulated rapid 
development, SD of the second period favored more rapid and pronounced 
onset of the ‘‘second cycle of vegetative growth” (7) on primary stems than 
that which occurred under the other sequences. Growth of the “second 
cycle’’ lateral buds was indeterminate but dependent on longevity of the 
first cycle stems. SD in the second period stimulated crown bud formation. 

4. LD throughout.—This treatment induced the most rapid stem elongation 
and flowering. There was a lower number of nodes on primary flowering 
stems than under treatments 1 or 2. Apical dominance was more pronounced 
than under 1, 2, or 3. Primary stems were already dying at their distal ends 
in strong contrast to those under treatment 2 and to a lesser extent those 
under 1 and 3. Rapid development of primary buds in the first period 
resulted in the largest amount of succeeding primary bud formation on the 
crown. These primary buds showed greater apogeotropism, leaflet size, 
and leaf index than those under the other treatments. 


D. PHOTOPERIOD 

The following experiment was undertaken to determine whether morpho- 
genesis and flowering in red clover are influenced by different photoperiods 
that consist of the same amount of light. 

Plants of clone 9 possessing good crown growth but lacking stem elongation 
were subjected to one of the following three photoperiodic regimes from 20 
July, 1955 to 27 November, 1955. All photoperiods consisted of 24-hour 
cycles. 

1. Nine-hour light period with 16-hour long dark period; i.e. SD. 

2. Seven-hour light period with additional 2-hour light period starting 
12 hours after beginning of 7-hour light period; i.e. SD with light interruption. 

3. Sixteen-hour light period with 8-hour short dark period; i.e. LD. 

In Table III are shown the mean values of morphogenetic characteristics 
of 25 plants under each photoperiodic regime, recorded on 27 November, 
1955. The mean values are shown with the 95% confidence limits (25). 

Under 1, SD treatment. There was negligible stem elongation and no 
flowering. The number of lateral buds and shoots per plant was higher 
than under treatments 2 and 3. Petiole length, size of leaflets, leaf index, 
and apogeotropism were less than under treatments 2 and 3. 

Under 2, SD with light interruption. Nearly all plants showed stem elon- 
gation under this treatment; in comparison, only three plants did under treat- 
ment 1. There was no difference between the mean lengths of the few primary 
stems under treatment 1 and the larger number under treatment 2. Three 
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of the plants flowered under treatment 2. Compared with LD treatment 3 
there was a greater number of nodes on the primary flowering stems. The 
difference in number of nodes on the flowering stems between treatments 2 
and 3 showed that inflorescences were not initiated before the start of these 
photoperiodic treatments. Petiole length, size of leaflets, leaf index, and 
apogeotropism were less under treatment 2 than 3. 

This experiment showed that with the same amount of light in both of the 
SD treatments light interruption of the long dark period increased the amount 
of growth and development of primary buds. The increased growth and 
developmental response under treatment 2 as compared with treatment 1 
was proportionately quite similar to that induced by increasing the daylength. 

Thus, growth and development in red clover was influenced by the actual 
placement of light in a photoperiodic cycle as well as by the amount of light. 


TABLE III 


Growth and development under photoperiodic cycles of 24 hours. 
Mean values from 25 plants per treatment.* Lengths in cm 


2. SD with 
1.SD with 7-hourand 3. LD with 
9-hour light 2-hour light 16-hour light 


Morphogenetic characteristic period periods period 

No. of plants with stem elongation 3 23 25 
No. of plants in flower — + 24 
Primary buds and primary shoots per plant 10.0+1.2 10.7+1.8 6.7+1.6 
Lateral buds and lateral shoots per plant 13.1+2.0 1.24.7 11.476 
Petiole length 7.941.0 12.3+0.5 17.7+0.8 
Leaflet length 1.520.2 2.340.2 3.3+0.2 
Leaflet breadth 1.6+0.2 1.6£0.2 
Leaf index £.2+0.1 1.4+0.1 2120.4 
No. of primary stems per plant with stem 

elongation 1.0+1.0 $.441.3 3.2+0.8 
Mean length of primary stems 6.6+1.9 29.4+4.9 
No. of nodes per primary flowering stem 13. 52+1..5 
Mean no. inflorescences per flowering plant — 2.0+1.0 2.520.353 
Apogeotropism of petioles 10° 40° 80° 


*Mean values with 95% confidence limits. 


E. INTERACTION OF LIGHT INTENSITY AND AUXIN TREATMENT 


The following experiments were undertaken to determine some of the 
effects of intensity of light on morphogenesis in red clover. 

Plants of diploid clones 9, 12, 13, and 23, and tetraploid clones 2, 6, 13, 
14, 20, 38, and 59 (derived from seedlings), were grown in open frames in 
(a) full daylight, (6) 70%, (c) 35% of full daylight. Since all plants showed 
the same type of response the results were taken from two plants of each of 
the diploid and tetraploid clones under each treatment. The different light 
intensities were imposed from 14 August, 1955, until data were recorded on 
29 August, 1955. Results are shown in Table IV, together with the 95% 
confidence limits of the mean values. 

During the relatively short period that the plants were exposed to these 
treatments there were fewer buds, shoots, and inflorescences produced under 
the lowest light intensity but the differences were not large. The maximum 
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mean elongation of primary and lateral stems occurred on plants under the 
lowest light intensity. Similar morphogenetic effects were observed with 
plants under controlled growth room conditions. The latter plants were 
also subjected to different light intensities for relatively short periods (6); 
auxin assays conducted with apices taken from these plants showed that less 
auxin diffused from apices of the shaded plants (8). 


TABLE IV 


Characteristics of growth and development of plants under three light intensities: (a) full 
daylight, (b) 70%, and (c) 35% of full daylight. Treatments started 14 August, 
1955, data recorded 29 August, 1955. Mean values per plant from data 
of nine clones.* Lengths in cm 


Light No. of No. of Av. length No. of Av. length 


inten- buds and primary of primary No. of lateral buds _ of lateral 

sity shoots shoots stems infls. and shoots stems 
(a) Full 10.2+2.9 3.421.3 23.822.9 6.0+2.1 6.8+2.3 3.342.1 
(b) 70% 9.94+3.1 3.540.8 29.07-5.2 6.0+2.3 6.422.1 3.342.1 
(c) 35% 8.222.9 2.840.5 33 .94+3.2 $042.1 5,442.3 3.84+2.3 


*Mean values with 95% confidence limits. 


To further elucidate differences in growth response according to light 
intensity treatment, a test was devised to measure differential response to 
auxin treatment. This test was basically similar to that described by Zim- 
merman and Hitchcock (34) for tomatoes. In the present studies plants 
were placed together under uniform greenhouse conditions after equal num- 
bers had received shading treatments (a), (6), or (c). Aqueous auxin solution 
containing a few drops of Ultrawet 60W per liter was then painted unilaterally 
on one internode (2-4 cm long) of suitable stems, on the side adjacent to the 
petiole that was borne from the node below. Internodes near to the apex 
were chosen since these comprised young tissue still capable of considerable 
growth. Positive growth response was measured by the degrees of curvature 
of the stem away from the adjacent petiole. The original and succeeding 
angles between stem and petiole were noted at intervals during the experiment. 
Initially, some stems showed negative response which was then followed by 
a positive one. This was assumed to be due to an initial state of hyper- 
sensitivity followed by a positive reaction as the effective auxin concentration 
within the tissue decreased. In such cases total curvature response was 
measured as the difference between the maximum negative and positive 
responses. 

Eight clones were tested as above with 50 p.p.m. NAA; two stems per plant 
were treated. Some curvature of stems was apparent within an hour after 
treatment with auxin. The amount of curvature was noted on all stems 1, 
4, 8, and 24 hours after application of NAA. The total ranges of response, 
i.e. Maximum curvature during the 24-hour period, were then calculated as 
means for a single stem per plant. Mean responses from the preshading 
treatments were as follows: (a) full daylight: 20.11° curvature; (6) 70% of 
full daylight: 25.63° curvature; and (c) 35% of full daylight: 34.00° curvature. 
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In the analysis of variance the 5% significant difference, D, calculated from 
Snedecor’s modification of Tukey’s “Q” test (25), was 11.84. Therefore, 
plants under the lowest light intensity showed significantly more growth 
response to the same amount of applied auxin than plants under the maximum 
light intensity. Significant differences in amount of response existed be- 
tween clones (6). 

The growth in length of petioles provided similar evidence. Leaflets 
with a 4 cm length of petiole were taken from control and preshaded plants 
of diploid clone 9 and tetraploid clone 38, and were placed in IAA concen- 
trations of 0, 10, and 50 p.p.m. under diffuse light of 150 ft-c. Table V 
shows that growth in length was greatest with petioles taken from plants 
under the lowest light intensity (c); stimulation was proportional to IAA 
concentration. Without the addition of auxin, there was little difference in 
growth of the petioles. 

TABLE V 


Growth of petioles in 0, 10, and 50 p.p.m. IAA. Leaves from plants under (a) full daylight, 
(b) 70%, and (c) 35% of full daylight. Original length of witiaies 4cm. Lengths 
recorded after 3 days in continuous light of 150 ft-c. Mean values of 
diploid clone 9 and tetraploid clone 38* 


Amount of growth under different light intensity pretreatments 


Concn. of IAA, 


p.p.m (a) Full (b) 70% (c) 35% 
0 0.3+0.2 0.5+40.5 0.3+0.1 
10 0.2+0.1 0.7+0.2 0.9+0.6 
50 0.9+0.2 0.8+0.3 1.3+0.2 


*Mean values with 95% confidence limits. 


Barrales (1) reported that leaf growth, stem and petiole elongation, and 
apogeotropism were more pronounced during an initial period under reduced 
light intensity. The present results show, in addition, that the response of 
stems to a particular concentration of applied auxin was greatest in plants 
previously maintained under the lowest of three light intensities. Growth 
of petioles was greatest with those taken from plants under the iowest light 
intensity and immersed in 50 p.p.m. IAA. Thus, more growth was produced 
under a lower light intensity in response to a particular concentration of 
applied auxin, although it was found that normally, under such conditions, 
auxin level was lower (6, 8). 


F. Licut INTENSITY AND Root FORMATION ON PROPAGULES 


Propagules were taken from field-grown plants and equal numbers were 
placed for rooting under one of the three light intensities (a) full daylight, 
(6) 70%, (c) 35% of fulldaylight. Vermiculite was used as the rooting medium 
with an overhead mist-spray system. A total of 313 propagules were taken 
from 19 clones (replications) and were placed under each treatment. The 
experiment was started on 10 July, 1955, and results were recorded on 29 
July, 1955. 

The percentage of propagules rooted was 91.3. There were no significant 
differences in percentage rooted under the different treatments. 
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The mean number of roots formed on propagules was: (a) full daylight = 
6.3; (6) 70% of full daylight = 5.7; (c) 35% of full daylight = 4.8. The 
number formed under full daylight was significantly higher than that under 
35% of full daylight (6). 

The lower number of roots formed on propagules under reduced light 
intensity could be a direct effect of lower carboyhdrate level but it could also 
be an expression of the reduction in endogenous auxin level that was found to 
occur in red clover under reduced light intensity (6, 8). The latter influence 
is suggested, firstly, because treatment of propagules with auxin even under 
low light intensity can increase the number of roots formed and, secondly, 
because the effect of sucrose and auxin treatment on root formation is 
additive (6). 


G. MORPHOGENESIS OF DIPLOID AND TETRAPLOID PLANTS 

Autotetraploid plants were obtained directly from diploid propagules by 
the technique described in Materials and Methods. Propagules were rooted 
during January, 1955, and planted in the field, spaced 3 ft apart, in June, 
1955. 

Data were recorded on 10 September, 1955, from the most well developed 
stem on each of 10 diploid and 10 tetraploid plants of clone 9. The mean 
values of different characteristics per primary stem are shown in Table VI. 
Leaf indices were recorded from leaflets on the lowermost node of each primary 
stem. Table VI shows that, in general, the amount of growth was less in 
the tetraploid than in the diploid plants. The mean values of the leaf index, 
the total number of buds, shoots, and inflorescences per primary stem, and 
the length of stems were less on the tetraploid than diploid plants. The 
diploid plants flowered more rapidly and the over-all size of field-grown 
plants was greater in the diploid plants at the end of the growing season (6). 
Mittelholzer (20) compared progenies in diploid and tetraploid lines of Dollard 
red clover and observed that plant height was significantly greater in the 
diploids, leaves were thicker but the leaf index was significantly less in the 
tetraploids; the number of nodes on stems was higher in the diploid lines. 
The lower node number of the tetraploid plants could be a direct expression 
of slower growth rate. 


TABLE VI 


Developmental growth in diploid and tetraploid plants of clone 9. Mean values per entire 
primary stem.* Data recorded 17 July, 1955. Lengths in cm 


Characteristic measured Diploid Tetraploid 
Leaf index 1.6+ 0.2 
No. of lateral buds, shoots, and inflorescences 69.14+24.5 23.0+19.4 
Length of primary stem 17.04 1.3 12.2% 6.7 
No. of nodes on primary flowering stem oy 8.0+ 0.7 
Length of first-order lateral shoots 136.0+43.2 44.5+28.8 
No. of inflorescences 28.2+12.2 8.8+ 9.1 
Mature inflorescences 8.6+10.8 4.94 7.2 
Aborted inflorescences 0.6+ 0.8 1.9+ 5.0 


*Mean values with 95% confidence limits. 
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Miintzing (21) has summarized evidence that in many plants increasing 
the chromosome number decreases the rate of growth. The differences 
between diploid and autotetraploid plants of the same clone provide a graphic 
example of possible relationships that may exist between endogenous auxin 
level and growth and development in plants. In auxin diffusion assays, less 
endogenous auxin was obtained from apices and leaves of diploid as compared 
with autotetraploid plants of the red clover clone 9 (6, 8). Gustafson (12) 
obtained more extractable auxin from plants of diploid than tetraploid mar- 
igold varieties; the plants were in the same stage of development. 


H. Root FORMATION ON DIPLOID AND TETRAPLOID PROPAGULES 


Propagules were taken from diploid and vegetatively induced autotetra- 
ploid plants of clones 9, 14, and 8, that were previously grown in pots under 
natural daylength in the greenhouse. A total of 179 propagules were taken 
from the diploid plants and 161 from the tetraploid plants. The propagules 
were placed in vermiculite under a mist-spray system for rooting on 1 June, 
1955. 

The data shown in Table VII were recorded on 16 June, 1955. There 
were no significant differences in the percentage of propagules rooted; the 
mean value was 89.3%. Table VII shows that the mean number and length 
of roots per rooted propagule were less on the tetraploid than diploid propa- 
gules. The ‘‘F” test, applied to data from a sample of 40 propagules of 
both the diploid and tetraploid clone 9, showed that the difference in mean 
number of roots was highly significant. The difference in root length was 
not significant. 


TABLE VII 


Differences in root initiation. Propagules from diploid (2x) and tetraploid (4x) plants. 
Lengths in cm 


Rooted, % Av. no. of roots ’ Av. length of roots 
Clone 2x 4x 2x 4x 2x 4x 
9 95.5 99.9 6.7 4.4 1.74 1.66 
14 100.0 91.7 6.1 4.6 1.40 1.30 
8 i ee 71.4 6.0 5.8 1.52 1.34 
Mean 90.9 87.7 6.3 4.9 1:55 1.43 
Conclusions 


These studies provide indirect evidence that morphogenesis in diploid 
and tetraploid plants of red clover is influenced by a primary’ endogenous 
factor: auxin. The level of endogenous free auxin, and, or, the sensitivity 
of response of tissues to a particular level of auxin, appears to be influenced 
by the intensity of light, the daylength or photoperiodic sequence, and the 
temperature to which red clover plants are subjected. Further evidence in 
this respect will be discussed in a subsequent paper (8). 
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Concerning the results presented in the preceding text, it seems pertinent 
to apply the concept (3, 18, 27) that an increasingly higher concentration of 
auxin is optimal for growth of roots, growth of buds, promotion of flowering, 
and elongation of stems, respectively. 

In red clover, normally classified as a long-day plant, it would appear that, 
in general, conditions such as the normal temperature pretreatment and short 
daylengths that promoted the most increase in primary and lateral bud for- 
mation did not favor stem elongation and flowering; conversely, conditions 
such as low temperature pretreatment and long daylengths that promoted 
stem elongation and flowering tended to inhibit primary and lateral bud 
formation. 

The differential effects of TIBA and IAA treatments under various environ- 
mental treatments also provided possible indications in this respect. Thus, 
for example, under SD, IAA primarily stimulated bud formation and leaf 
extension but under long day it primarily stimulated stem elongation but 
increased the amount of apical dominance. This would be explicable accord- 
ing to the preceding concept, if, under SD, the endogenous auxin level was 
lower than under LD. The addition of IAA under SD might be expected to 
promote bud formation if the auxin level was within the concentration range 
favoring bud growth. It appears to be significant that the effects of low 
temperature pretreatment followed by IAA treatment under SD were additive 
and that, under these conditions, there was promotion of stem elongation 
rather than bud formation. Leopold (16) reported that NAA reduced the 
amount of tillering which normally occurred in barley but that reduction of 
tillering was less when plants were treated under SD than LD. 

The present results also showed that IAA stimulated lateral bud and shoot 
growth of red clover under short or 16-hour daylengths but inhibited it 
under continuous light. It is possible that, under short or intermediate 
daylengths, application of auxin at the level applied was directly stimulatory 
to the growth of lateral buds and shoots. Clark and Kerns (5) reported that 
intermediate concentrations of NAA (ca. 50 p.p.m.) applied to pineapple 
plants increased the number of lateral buds, in comparison with control 
plants and those treated with either low or high concentrations of NAA. 
A similar increase in number of lateral buds and shoots has been obtained 
by spraying field plants of red clover with either [AA or NAA under inter- 
mediate daylengths (7). However, it has been found that watering red 
clover plants with IAA under 16-hour daylengths, depending on the light 
intensity, can cause reduction in diffusible auxin (6). Evidence of reduction 
in auxin level after application of IAA or NAA has been observed in some 
other plants (14, 31). Galston and Dalberg (10) observed in vivo and in 
vitro in pea tissue that IAA oxidase activity increased up to a given concen- 
tration of applied auxin; 2,4-D and NAA were as effective in inducing this 
formation of oxidase. 

In contrast to the effects of IAA in red clover, TIBA generally decreased 
the amount of extension growth but increased the amount of lateral bud 
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formation under all daylengths. This accords with the fact that TIBA can 
reduce the amount of polar diffusible auxin in red clover (6, 8), since auxin 
is known to be a primary controlling factor in apical dominance (28). 

In red clover, changes may occur in the “sensitivity” of tissues in their 
response to the duration (daylength and photoperiod) and intensity of light. 
Although more extensive confirmatory studies are required on these aspects, 
there is evidence from the present results, and from former studies (6), that 
under 16-hour daylengths as compared with SD or continuous light, the amount 
of bud, stem, and inflorescence formation on an entire mature primary stem, 
the size of leaflets and the mean number of roots formed on propagules, can 
be greater. On the assumption that increase in daylength brings about a 
decrease in sensitivity of tissues to auxin, this expression of an optimum 
under 16-hour daylengths might result from an interaction between endo- 
genous auxin level and the “‘sensitivity’”’ of tissues to a given level of auxin. 
A possible reduction in sensitivity of the tissues with increase in daylength 
is further suggested by the fact that the highest mean number of roots per 
rooted propagule was formed after 8-hour daylength pretreatment of plants 
and the lowest after 24-hour daylength pretreatment. Also, with 24-hour 
daylength pretreatment there was absence of the peak for root number 
otherwise obtained under 16-hour daylength during rooting. 

Realization of an influence of daylength on root formation has proved of 
value in vegetative propagation of red clover. The largest number of rooted 
propagules has been obtained by pretreating plants with short daylengths 
and then rooting the propagules under long daylengths (6). Barrales (1) 
found that cuttings from plants grown under short daylengths rooted better 
than those from plants under long daylengths. 

Further indications of a possible supraoptimal effect of continuous light 
have been shown by some red clover clones (6). In these, stem elongation 
and flowering occurred more rapidly and profusely, either when plants were 
treated with 16-hour daylengths as compared with continuous light, or when 
treated with an antiauxin (TIBA) under continuous light. Barrales (1) 
selected two clones of Dollard red clover that flowered more rapidly under 
14-hour than 16-hour daylengths but longer daylengths were not tested in 
his studies. 

The morphogenetic effects of different light intensities strongly suggest 
an influence of light on tissue sensitivity, because a larger growth response 
to a given level of applied auxin was obtained in shaded plants, although in 
auxin assays with red clover (6, 8) the amount of diffusible auxin obtained 
from apices was lessened when plants were shaded. Thimann and Skoog 
(29) observed a ‘“‘dark growth reaction” in Vicia faba. Zimmerman and 
Hitchcock (34) showed that growth response of tomatoes to auxin was most 
pronounced in shaded or darkened plants. Galston and Hand (11) found 
that the effectiveness of auxin was strongly reduced by exposure of pea 
sections to light; this was not due to any significant changes in auxin concen- 
tration within the tissues but to some change in the sequence of growth 
process reactions. 
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These studies have suggested methods whereby more precise control of 
growth and development can be obtained by manipulation of environmental 
factors and the use of growth regulators under agronomic conditions (6). 
It has been possible to obtain some significant increases in the yields of dif- 
ferent organs of red clover by such specific means, under greenhouse and 
field conditions. 
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THE CONTROL OF GROWTH AND DEVELOPMENT IN 
RED CLOVER (TRIFOLIUM PRATENSE L.) 


III. ENDOGENOUS DIFFUSIBLE AUXIN?! 
Bruce G. CuMMING? 


Abstract 


Significant amounts of endogenous diffusible auxin have been obtained from 
apices and leaves of red clover plants and differences in endogenous diffusible 
auxin level have been related to characteristic differences in morphogenesis. 

Less diffusible auxin was obtained from the apices and leaves of autotetraploid 
than diploid plants of the same clone; a slower rate of growth was observed in the 
tetraploids. 

Changes in the diffusible auxin level can be brought about by variations in 
light that occur in a normal growth situation. Greater amounts of diffusible 
auxin were obtained under longer daylengths. Lesser amounts of diffusible 
auxin were obtained from plants that were shaded. A greater amount of diffusible 
auxin was obtained from apices when in light than in darkness. 

Application of 2,3,5-triiodobenzoic acid lowered the diffusible auxin level within 
the plant and interfered with normal polarity. 

An interaction between application of 3-indoleacetic acid, light intensity, 
and diffusible auxin level has been observed. This interaction is most readily 
explicable on the postulation, based on indirect evidence, that a mechanism for the 
regulation of endogenous free auxin level may exist in red clover whereby an 
auxin production system can be linked with some adaptive system, possibly 
IAA oxidase, that decreases the amount of endogenous free auxin. 


Introduction 


Methods for the recording and analysis of developmental patterns in the 
morphogenesis of red clover have been described in a previous paper (7). 
The present paper is devoted primarily to a consideration of differences in 
endogenous diffusible auxin between diploid and autotetraploid plants of red 
clover and the variation in diffusible auxin in response to light intensity, 
daylength, and application of growth-regulating substances. Morphogenetic 
responses that characterize the response of red clover genotypes to the above 
factors have been previously described (8). 

Thimann and Skoog (27) found that small amounts of auxin occurred in 
all lateral buds and leaves of Vicia faba; young expanding leaves contained 
the most. The apical bud yielded nearly six times as much auxin as the most 
productive leaves. Many early workers found large differences in the specific 
auxin levels required to stimulate growth of the various organs. Most avail- 
able evidence confirms the concept that an increasingly higher auxin level is 
required for the stimulation of root and bud growth, flowering, and stem elong- 
ation, respectively (4, 18, 24). Evidence in this respect has been shown with 
red clover (8). 


1Manuscript received March 16, 1959. 
Contribution from the Faculty of Agriculture, McGill University, Macdonald College, 
Que, Canada. Journal Series No. 442. Based on part of a Ph.D. thesis presented to the 
aculty of Graduate Studies and Research, McGill University, Montreal, Que., May, 1956. 
The auxin bio-assays reported in this paper were carried out at the Biological Laboratories, 
Harvard University, Cambridge, Mass. 
— Research Institute, Research Branch, Canada Department of Agriculture, Ottawa, 
ntario 


Can. J. Botany. Vol. 37 (1959) 
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The action of light in auxin formation is apparently not simple. Thimann 
and Skoog (27) observed with Vicia faba that auxin production in the dark 
soon ceased but its utilization continued. Two opposing effects were observed: 
production of auxin occurred only in light but growth response was most in 
darkness. Avery et al. (3) found that reappearance of auxin in previously 
darkened Nicotiana plants was roughly proportional to light intensity applied. 
Galston and Hand (12) found that etiolated pea sections, immersed in various 
auxin concentrations, grew less in light than in darkness, but this was not the 
result of any significant changes in auxin concentration within the tissues. 
By treating stems of young tomato plants with auxin in conjunction with 
different light treatments, Zimmerman and Hitchcock (33) showed that the 
growth response to auxin varied. Shaded plants produced more epinasty than 
similar plants in direct light, although each received the same amount of applied 
auxin. 

Evidence for diurnal periodicity in auxin production was shown by Went 
(30), who found a generally higher auxin level in tomatoes during the day 
than at night. In certain species increased daylength has been shown to cause 
an increase in endogenous auxin level (5, 16, 32). 

Polarity of auxin was shown by van der Weij (28) to be exclusively basipetal 
in the Avena coleoptile. Similar strict polarity was shown for stems (31) and 
leaves (2) of some other plants. Possible deviations from strict polarity were 
suggested by the work of Leopold and Guernsey (17). The discovery of the 
inhibition of lateral bud growth by polar movement of auxin—-in the phenomen- 
on of apical dominance (26, 27)—was the first direct indication of a specific 
means of changing plant form by use of a growth regulator. Galston (9) showed 
that 2,3,5-triiodobenzoic acid (TIBA) could antagonize the effect of 3- 
indoleacetic acid (IAA) in the Standard Avena Test; he also showed that 
reduction in apical dominance occurred in soybean plants treated with TIBA. 
Kuse (15) concluded that TIBA could block the basipetal translocation of 
natural auxin and IAA; this was confirmed by others (14, 21). 


Materials and Methods 


The selection and methods for treatment of red clover plants have been 
described previously (8). All studies reported here were conducted with 
clones obtained from the vegetative propagation of different growth types (23) 
of the Dollard variety of red clover. Only those methods that were specific 
to the diffusible auxin bio-assays are described here. 


Light Intensity and Daylength Treatments 

All light intensity and daylength treatments in connection with auxin assays 
were conducted in controlled growth rooms at the Biological Laboratories, 
Harvard University. Unless otherwise stated, the light source was a combin- 
ation of fluorescent and incandescent lamps providing an intensity of ca. 
1500 ft-c. 
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Auxin Assays 

The Standard Avena Test, described in Went and Thimann (31), was used 
throughout in all auxin assays. Avena seedlings, var. Victory, were grown 
and used for the curvature tests in a physiological darkroom. The actual 
diffusions from test objects were carried out with the temperature maintained 
at 78° F and 85% relative humidity. All manual operations in the darkroom 
were conducted in weak red light. Only procedures specific to the present 
studies are mentioned here. 

The diffusion period from test objects was of 3 hours’ duration in all except 
one of the experiments. The material used for diffusion studies included 
apices, trifoliate leaves, and stems. Apices dissected from plants consisted 
of the apical bud taken at the first node with completely unopened leaflets to- 
wards the apex. Trifoliate leaves were isolated with a 5 mm portion of the 
petiole. Stem sections 5 mm in length were used in translocation studies; 
only one or two sections were taken from an internode. Each stem section was 
of equal diameter throughout its length. Care was taken to ensure that test 
objects were as nearly equivalent in size as possible, regardless of pretreatment. 
Diffusions were carried out with the test objects placed on a microscope 
slide within a petri dish; air was kept humid with moistened absorbent paper. 
Apices were lain sideways so that the cut surface could be pushed into contact 
with the agar block. Leaves were inverted for diffusion so that an agar block 
could be placed on the cut surface of the petiole. Stems sections were placed 
vertically upon blank receiver agar blocks with the donor blocks, containing a 
known concentration of auxin, placed on top. After the diffusion period and 
prior to any final subdivision, 1 hour was allowed for equilibration of auxin 
within the agar blocks. The standard agar block measured 8X11 X1.5 mm 
before any subdivision was made. This block was finally subdivided into 
12 pieces and each one-twelfth was placed on an Avena coleoptile. However, 
for diffusion from the larger test objects, blocks larger than one-twelfth the 
original were used and, in these, only after equilibration of auxin was the final 
subdivision to one-twelfth made. The size of blocks used for each diffusion 
from a test object is noted in the results as a fraction of the original standard 
block. 

In some of the diffusion studies 0.005 M potassium cyanide was used to 
prevent auxin inactivation at the cut surface (22). A volume of 0.005 M 
ferrous sulphate equal to the amount of KCN used was added to each block 
after the diffusion. Utilization of this method is referred to as the “KCN 
technique’’. In four out of five evaluations of this technique, a larger amount 
of diffusible auxin and a reduction in the amount of random variability was 
obtained (6). 


Results 


Experimental results are shown under the following headings. 
(i) Polyploidy and Endogenous Diffusible Auxin. 
(ii) The Influence of Light and Darkness. 
(iii) The Influence of Light Intensity. 
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TABLE I 


Diffusible auxin from diploid (2x) and tetraploid (4x) plants of clone 9. Degrees 
curvature in Standard Avena Test: (a) fromapices, (6) fromleaves. ‘‘KCN technique” 


(a) Diffusion from apices (6) Diffusion from leaves 
No. of Degrees curvature Degrees curvature 
plants No. of No. of 
used variates 2x 4x Diff. variates 2x 4x Diff. 
6 28 8.8 5.3 4.5°° 10 4.6 4.0 0.6 
2 10 16.0 5.8 16.2°" 10 6.7 4.8 1.9 
6 20 18.4 10.0 a 10 9.9 7.1 2.8 


**Significant at 1% level. 


(iv) The Influence of Daylength. 

(v) Translocation of Auxin and the Influence of TIBA. 

(vi) Interaction of Light Intensity, Applied Auxin, and Endogenous Auxin 
Level. 


(i) Polyploidy and Endogenous Diffusible Auxin 

The method whereby some completely autotetraploid plants were obtained 
from diploid (2n=14) propagules has been described previously (8). 

Diffusion tests were conducted with apices and leaves taken from diploid 
and autotetraploid plants of clone 9. Agar blocks one-sixth and one-twelfth 
of the original standard size were used for apices and leaves, respectively. 
Data were analyzed by the “‘?’”’ test for unpaired variates. Results are shown 
in Table I, (a) and (0). 

More diffusible auxin was obtained from apices of the diploid than from the 
tetraploid plants (significant at 1% level). The amount of auxin that could 
be obtained from leaves was irregular and low. Younger leaves produced 
more auxin than the older ones. In each test the mean values were slightly 
higher from the diploid than the tetraploid leaves. 

On the tetraploid plants fewer buds were formed and thus fewer inflores- 
cences at a later date, stems were shorter, leaves were thicker but had a 
lower ratio of leaflet length to breadth (‘‘leaf index’’). The observed number 
of nodes on stems was less on the tetraploid plants. 


(ii) The Influence of Light and Darkness 

Diffusion of auxin from apices was carried out in light and in darkness. 
Apices were taken from plants of the late-flowering clone 9 and the early- 
flowering clone 469 that had been maintained previously under 18-hour or 
natural (i.e. ca. 13-hour) daylengths. The diffusion period was 4 hours; 
during this time the apices were maintained at 76° F under controlled con- 
ditions of light, at 1500 ft-c intensity, or in darkness. Extreme care was 
taken to ensure adequate moisture in the containers holding the apices and 
that the agar blocks did not dry out. Agar blocks one-sixth of the original 
standard size were used for this diffusion; in each subtreatment four apices 
of clones 9 and 469 were tested. 
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TABLE II 


Auxin diffusion from apices maintained for 4 hours in light or darkness at 76° F. 
Apices from plants under natural and 18-hour daylengths. 
Degrees curvature in Standard Avena Test 


— Natural daylength 18-hour daylength 
or 
diffusion Clone 9 Clone 469 Clone 9 Clone 469 Mean 
Dark 8.4 18.1 14.4 15.3 14.05 
Light 13:3 15.6 17.4 18.3 16.08 


Table II shows that larger amounts of auxin were obtained from the diffu- 
sions in light than in darkness, except in one comparison—clone 469 after 
natural daylength. 


(iii) The Influence of Light Intensity 

Plants of clones 9, 13, 12, and 23 were placed in controlled growth rooms 
under 16-hour daylengths with a light intensity of 1500 ft-c at a constant 
temperature of 68° F. Half the total number of plants were placed under 
wire frames that reduced light intensity to approximately 750 ft-c. Diffusion 
from apices was tested 8 days later. Two plants from each treatment were 
used for the evaluation of a clone. 

Results from the analysis of variance based on a randomized plot design are 
shown in Table III. Less diffusible auxin was obtained from the shaded 
plants of clones 9, 13, and 23 (significant at 1% level) and clone 12 (signifi- 
cant at 5% level). 

Pronounced differences in morphogenesis under the two light intensities 
became apparent within three weeks from the start of these treatments. 
Under the lower intensity (6), a smaller number of lateral shoots were pro- 
duced and thus the total number of visible inflorescences was also reduced; 
however, stem and petiole elongation were greater (6, 8). 


(iv) The Influence of Daylength 


Plants were placed in controlled light rooms under daylengths (24-hour 
cycles) of 8, 16, and 24 hours, with a light intensity of 1500 ft-c, at a constant 
TABLE III 
Diffusion from apices of plants subjected to light intensities of (a) ca. 1500 ft-c and (0) ca. 


750 ft-c for 8 days. Degrees curvature in Standard Avena Test. Significance of difference 
between means, from analysis of variance 


Light intensity 


Clone (a) 1500 ft-c (b) 750 ft-c Differences 
12 24.3 19.7 4.6* 
9 22.1 9.6 i2.9°° 
13 18.1 11.9 
23 11.3 5.3 6.9" 


*Significant at 5% level. 
**Significant at 1% level. 
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TABLE IV 


Diffusible auxin from control and TIBA-treated plants of clone 9 grown under 8-, 16-, 

and 24-hour daylengths from 10 May, 1955, to 28 May, 1955. Significance of differences 

between means for diffusion from apices of two plants under each treatment;. results of 
Standard Avena Test recorded on 28 May, 1955, using ‘‘KCN technique” 


Observed values 


Hours of Differences, 
daylength 0 TIBA 0 vs. TIBA 
8 6.1 0.4 57°" 
16 22.4 1.8 20.6** 
24 30.3 11.4 18.9** 
Differences 
16 vs. 8 16.3° 1.4 
24 vs. 8 
24 vs. 16 7.9* 9.6** 


*Significant at 5% level. 
**Significant at 1% level. 


temperature of 68° F. Apart from normal watering, half the total number 
of plants under each daylength were watered once weekly with 25 p.p.m. 
TIBA solution a total of four times. The results of auxin diffusion from 
apices are shown in Table IV. This experiment was designed and analyzed 
as a randomized plot. Growth and development of the plants were recorded at 
the time of selection of apices for diffusion studies. Agar blocks one-sixth of 
the original standard size were used for diffusion from apices. 

Table IV shows that increased daylength significantly increased the amount 
of diffusible auxin; the maximum was obtained with a continuous light regime. 
Watering plants with TIBA resulted in a highly significant decrease in the 
amount of diffusible auxin under all three daylengths. 

Correlated with increase in daylength, and therefore with increase in diffus- 
ible auxin level, there was a greater rate of stem elongation, greater apical 
dominance (i.e. less lateral bud formation), greater apogeotropism (i.e. more 
erect habit of stems and leaves), and greater ‘“‘leaf index’’. The maxima 
occurred under continuous light. Greater petiole elongation and growth of 
leaflets always occurred under long as compared with short daylengths. 

Acting as an antiauxin, TIBA partly offset the morphogenetic effects of 
increased daylength since, apart from reducing the amount of diffusible auxin 
obtained, it lowered the rates of stem and petiole elongation and reduced the 
amount of apical dominance, the apogeotropic response, the growth in area of 
leaflets, and the “‘leaf index’’ (8). 


(v) Translocation of Auxin and the Influence of TIBA 
(a) Stem Segments Taken Directly from Control and TIBA-treated Plants 
Plants of clone 9 were maintained under greenhouse conditions of natural 
daylength and treated with either water (0) or 25 p.p.m. TIBA at weekly 
intervals in March, on 11th and 18th April, and 2nd and 9th May, in 1955. 
Ten different diffusion tests were carried out, analysis of data was based on a 
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randomized plot design, performed on transformed variates due to zero values 

being present. Stem sections 5 mm long and ca. 3 mm in diameter were taken 

from the mid-region of the fifth or sixth internode, counting from the stem 
apex. Agar blocks one-sixth of the original standard size were used for diffusion. 

In the discussion of results, “‘basipetal’’ translocation refers to movement of 

auxin away from the apices of the aerial parts of the plants, i.e. in a polar 

direction towards the root system; ‘‘acropetal’’ translocation refers to move- 
ment of auxin in the opposite direction. 

The diffusion and translocation tests are listed below; results are shown in 

Table V. 

Test 1. Diffusion from apices of control and TIBA-treated plants: determi- 
nation of endogenous ‘‘free’’ auxin (test 1. 0 and TIBA). 

Test 2. Blank agar block placed on tip (apical end); basal end of stem 
section placed on blank agar block. Sections from control and TIBA- 
treated plants. 

a. Basal blocks used in Avena test: determination of basipetal ‘‘free”’ 
auxin diffusing from stem sections (test 2¢. 0 and TIBA). 

b. Apical blocks used in Avena test: determination of acropetal ‘‘free”’ 
auxin diffusing from stem sections (test 2b. 0 and TIBA). 

Test 3. Agar blocks containing 10 mg IAA/I. 

a. IAA block on apical end, base of stem section placed on blank receiver 
block. Receiver block used in Avena test: determination of basipetal 
translocation of IAA from donor into receiver block (test 3a. 0 and TIBA). 

b. IAA block on basal end, apical end of stem section placed on blank 
receiver block. Receiver block used in Avena test: determination of 
acropetal translocation of IAA (test 3b. 0 and TIBA). 


TABLE V 


Diffusible auxin from apices and stem sections of control (0) and TIBA-treated 
plants. Clone 9. Degrees curvature in Standard Avena Test 


Difference 
Observed values 
Auxin Test 0 TIBA 
determination No. 0 TIBA higher higher 
Diffusion from apices 1 7.4 
Stem: basipetal endogenous auxin 2a 2.6 ae 0.4 
Stem: acropetal endogenous auxin 2b 0.3 1.8 1.5 
Stem: basipetal, with 10 mg IAA/I 3a 32.8 2.6 3.2” 
Stem: acropetal, with 10 mg IAA/I 3b ° 2.4 4.3 1.9 
Basipetal Acropetal 
Difference Test No. higher higher 
Basipetal vs. acropetal 2a vs. 26, 0 2.3 
Basipetal vs. acropetal 2a vs. 2b, TIBA 0.4 
Basipetal vs. acropetal 3a vs. 3b, 0 30.4°* 
Basipetal vs. acropetal 3a vs. 3b, TIBA ee | 


Note: Significance of differences calculated from transformed variates. 
*Significant at 5% level. 
**Significant at 1% level. 
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The amount of endogenous diffusible auxin obtained from stem sections 
was small, but, although not significantly different, there was more basipetal 
than acropetal translocation (2a vs. 2b) with both 0 and TIBA. Although 
values were low, there were indications that more endogenous auxin may have 
diffused from stem segments in an acropetal direction after TIBA treatment, 
as compared with the control (test 26). 

Less endogenous diffusible auxin was obtained from apices after TIBA 
treatment (test 1, 0 vs. TIBA, significant at 1% level) and less applied [AA 
was translocated in a basipetal direction after TIBA treatment (test 3a, 0 
vs. TIBA, significant at 1% level). 

In control plant sections more IAA was translocated in a basipetal than 
acropetal direction (test 3a vs. 36, 0, significant at 1% level). Only a small 
amount of IAA was obtained from acropetal translocation (test 3b, 0). The 
amount of endogenous auxin obtained from acropetal translocation was 
negligible (test 2, 0). 

After TIBA treatment, the differences between basipetal and acropetal 
translocation were lessened (test 2a vs. 2b, TIBA) and, although not signi- 
ficant in amount, there were indications that more [AA may have been trans- 
located in an acropetal than basipetal direction (test 3a vs. 3b, TIBA). 


(b) Detached Stems Treated with TIBA, Sections Taken from Control and 
TIBA Treatments 

In further tests, intact stems were cut from the TIBA-treated and the con- 
trol plants. Four stems from both control (0) and TIBA treatments were 
used for each of the tests shown in Table VI. The stems were placed separately 
with their basal cut ends in 500-ml flasks containing either water, 5 mg, or 
25 mg TIBA/I of water, for 12 hours. The flasks were maintained in a con- 
trolled light room (1500 ft-c, 68°F, 70-80% R.H.). All stems were then washed 
with distilled water, then placed with their cut ends in water and maintained 
under the same conditions for a further 12 hours. Translocation studies were 
then conducted with 5-mm stem sections taken as before from the internodes. 
Agar blocks one-twelfth of the original standard size were used. 

Degrees curvature for the relative amounts of auxin that passed into blank 
agar receiver blocks, from donor blocks containing 10 mg IAA/I, are shown in 
Table VI. Each value in Table VI is the mean calculated from the results for 
diffusion through 12 stem sections. 

TABLE VI 
Basipetal and acropetal translocation from donor blocks containing 10 mg IAA/I, 


through 5-mm lengths of stem sections. Clone 9. Degrees curvature in 
Standard Avena Test 


Stems from control plants, Stems from TIBA treated plants, 
Direction 12 hours in test soln. of: 12 hours in test soln. of: 
of 
trans- —— 25 p.p.m. 5 p.p.m. 25 p.p.m. 
location Water IBA TIBA Water TIBA TIBA 


Basipetal 24.9 2.5 1.9 
Acropetal 0.6 0.9 1.4 0.5 0.1 
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The amount of TIBA taken up from a solution of 5 p.p.m. TIBA, in 12 
hours, was sufficient to markedly reduce the basipetal translocation of IAA. 
Similarly to Table V, Table VI shows that, after TIBA treatment, there were 
not the same differences between basipetal and acropetal translocation. It 
is noteworthy that with increase in TIBA concentration there was a small 
increase in acropetal translocation of IAA. 

It was important to ensure that in the above tests the amount of TIBA 
that could be transmitted from stem sections into agar blocks, and subsequently 
into the Avena coleoptiles, was insufficient to significantly affect the assay for 
auxin in the Avena test. It can be assumed that the curvature response to 
auxin was not significantly affected by the amount of TIBA present in the 
5-mm stem sections. The following reasons justify this conclusion. TIBA at 
25 p.p.m. as compared with 5 p.p.m. resulted in increased curvature for 
acropetal translocation of IAA; however, decreased curvature was measured 
for basipetal translocation. The concentrations of TIBA that could have been 
present in stem sections and thence be transmitted to receiver blocks would 
very probably have been lower than that of the original TIBA solution to 
which stems were subjected. Other workers (9, 25) have found respectively 
that agar blocks containing IAA concentrations of 0.175 mg/l and 0.15 mg/l 
produced curvatures, respectively, of 15° and 5°; however, a concentration 
of more than 10 mg TIBA/I, in the agar blocks with the IAA, was required 
to completely inhibit curvature in the Standard Avena Test. In red clover 
(Table VI) basipetal translocation in control stem sections, from stems of con- 
trol plants, resulted in a curvature of 24.9°, whereas the equivalent value for 
stem sections from TIBA-treated stems of control plants was only 2.5°. It is 
therefore concluded that the mole ratio of TIBA:IAA in the receiver blocks 
could not have directly caused a significant reduction of curvature in the vena 
test. 

Certain morphogenetic effects of TIBA always became apparent on plants 
within a few weeks from the time of treatment (8). In all plants treated 
with TIBA less apical dominance occurred, presumably as the result of the 
decreased basipetal translocation of auxin. 


(vi) Interaction of Light Intensity, Applied Auxin, and Endogenous Auxin 

Plants of clones 9 and 26 were transferred from the greenhouse to a controlled 
growth room under 16-hour daylengths, on 9 May 1955, and were treated 
once with either 0 or 50 p.p.m. IAA, or 50 p.p.m. TIBA, on that date. Similar 
batches of plants were maintained under full (1500 ft-c) and reduced (ca. 
750 ft-c) light intensity. Diffusion studies were conducted on 12 May 1955 
with apices taken from two plants of each treatment. Results were analyzed 
according to a randomized plot design. 

TIBA at 50 p.p.m. caused a highly significant reduction in diffusible auxin 
level; because all values within TIBA treatments were at too low a level to 
show significant differences (6), they are not included with the other results 
in Table VII. 
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TABLE VII 


Diffusible auxin from plants treated with 0 or 50 p.p.m. IAA under full light (1500 ft-c) 

or shaded (750 ft-c) conditions; plants transferred to these light intensities and treated 

with IAA on 9 May, 1955. Degrees curvature in Standard Avena Test and significance of 
difference between means for diffusion from apices on 12 May, 1955 


Degrees curvature 


50 p.p.m. Differences, 


Clone Treatment 0 0 vs. IAA 

9 Full light 26.8 10.4 16.4°* 
9 Shaded 2.8 42:1 9.3°* 

26 Full light 28.3 20.0 $.3° 

26 Shaded : 9.0 2.0 

Difference 

9 Full light vs. shaded 24.0** : 

26 Full light vs. shaded mn." 11.0°° 


*Significant at 5% level. 
**Significant at 1% level. 


Without IAA treatment shading resulted in less diffusible auxin (clones 
9 and 26, significant at 1% level). When plants were treated with IAA the 
amount of diffusible auxin obtained varied with the clone. The difference 
in diffusible auxin between non-shaded and shaded plants of clone 9 that were 
treated with IAA was not significant; the equivalent difference in clone 26 
was significant (significant at 1% level). 

Less auxin was obtained from apices of non-shaded plants of both clones 
after watering with IAA (clone 9 significant at 1% level, clone 26 significant 
at 5% level). In contrast, more auxin diffused from apices of shaded plants 
after watering with IAA (clone 9 significant at 1% level, clone 26 non-signif- 
icant difference). 


Discussion 


Production of Endogenous Auxin 

The results show that normally, in red clover, endogenous diffusible auxin 
is produced in the apices and leaves. Small amounts were also obtained from 
stem sections but this may have been endogenous auxin actually produced 
in the apices and leaves but translocated in the stems. Using extraction pro- 
cedures, Alekseev and Startseva (1) found that the auxin level in young 
flower buds of red clover was very low, but a rapid increase occurred with 
plant development, especially in the pollen grains. They reported that auxin 
levels in the leaves were consistently low. 

Greater amounts of diffusible auxin were obtained from the apices and leaves 
of the diploid than from the autotetraploid plants of clone 9. This accords 
with the results of Gustafson (13), who obtained more extractable auxin from 
diploid than from tetraploid marigold varieties that were in the same stage 
of development. These results may provide an example of relationships 
that exist between endogenous auxin level and morphogenesis in different 
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genotypes within a species. Muntzing (20) has summarized evidence that, 
in many plants, increasing the chromosome number decreases the growth 
rate. A decreased rate of growth and development was observed in the tetra- 
ploid as compared with diploid plants of clone 9; other morphogenetic differ- 
ences have been previously described (8). Mittelholzer (19) observed a more 
rapid rate of growth and development in diploid as compared with tetraploid 
lines of Dollard red clover. 

The lower number of lateral buds and shoots, and the lower number of 
nodes produced on stems of the tetraploid plants, may have been the direct 
expression of lower endogenous auxin level resulting in a decreased rate of 
growth. This could indicate a significant degree of independence between the 
effect of endogenous auxin level on the rate of growth and its correlative 
effect in the phenomenon of apical dominance. Although there was a higher 
number of nodes on the primary flowering stems of the diploid plants, flowering 
occurred more rapidly; this suggests a certain degree of independence between 
rate of growth and minimum node number for flowering. It has been shown 
that application of auxin to red clover plants can reduce the number of 
vegetative nodes produced before floral initiation on a primary stem, and 
it can hasten flowering (8). Nevertheless, other evidence suggests that auxin 
is not the primary factor in floral initiation of red clover, since the pattern 
of flowering that is produced on the lateral shoots of a primary stem under 
photoinductive cycles suggests the production of a non-polar systemic flower- 
ing influence (7). 


Light and Darkness and the Influence of Daylength 

The fact that more auxin diffused from apices in light than in darkness is 
consistent with the observation that with increase in the daylength to which 
red clover plants were subjected, the amount of diffusible auxin obtainable 
from apices was increased. The influence of daylength is similar to that 
shown in some other species (5, 16, 32) and the results provide evidence for 
the existence of an endogenous diurnal rhythm in auxin production. The 
results in red clover showed in addition that the greatest amount of diffusible 
auxin was produced after continuous light treatment. The latter fact is further 
evidence of a lower endogenous free auxin level in darkness. In red clover, an 
increase in the rate of growth and development, greater apical dominance, 
more pronounced apogeotropism, higher leaf index, and greater root formation 
on propagules have been shown to occur under longer daylengths. It has also 
been shown that IAA treatment resulted in morphogenetic effects relatively 
similar to those brought about by increasing the daylength. Conversely, 
the effects of TIBA were relatively similar to those brought about by decreas- 
ing the daylength (8). 


The Influence of Light Intensity 

The decrease in amount of diffusible auxin, obtained when plants of red 
clover were shaded, was followed by increased growth of stems and leaves. 
Furthermore, stems and petioles showed a greater response to a specific auxin 
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treatment (8). These results are in general agreement with the observations of 
other workers (27, 33). Two separate and, or, complementary factors may 
be involved, as a function of the light environment: firstly, the formation of 
some auxin-destroying enzyme system, e.g. IAA oxidase; and, secondly, 
variation in sensitivity of tissues to a specific level of auxin. 

The results of treating shaded and unshaded plants of red clover with 
IAA may relate to the above. Under full light intensity, significantly less 
diffusible auxin was obtained from apices of plants that were treated with 
IAA than from those not treated. Since reduction of light intensity was shown 
to cause a lowering in diffusible auxin level, it is possible that IAA oxidase 
could have been formed adaptively in response to applied auxin but according 
to endogenous auxin level, i.e. in greater amounts at the higher auxin level. 
The interaction shown between applied I AA and light intensity, when expressed 
in terms of growth response, would be the result of the balance between 
sensitivity of tissue response to auxin and the actual endogenous auxin level. 
Galston and Baker (10) found that in darkness there is a natural inhibition 
of enzymatic destruction of auxin in pea tissue; light overcame this inhibition. 
Weintraub (29) observed that 2,4-D treatment reduced the auxin content of 
buds and that reduction was proportional to 2,4-D dosage. Galston and Dal- 
berg (11) observed that IAA oxidase activity in vivo and in vitro increased 
up to a specific concentration of IAA; 2,4-D and NAA were as effective for 
inducing this formation of oxidase. 


Translocation of Auxin and the Influence of TIBA 

The results from red clover show that, normally, endogenous auxin or applied 
IAA are obtained from stem segments only as the result of diffusion or trans- 
location in a quite strictly “polar” direction (i.e. in a basipetal direction away 
from the stem apices). 

TIBA significantly reduced the amount of auxin obtainable by diffusion 
from apices. There were some indications that the amount of endogenous 
auxin and also the amount of IAA translocated through stem sections in an 
acropetal direction was higher from those of TIBA-treated than control 
plants; however, the amount of auxin involved was small. Basipetal trans- 
location of IAA through stem segments from TIBA-treated plants was 
significantly less and was lower than the amount of auxin obtained from 
acropetal translocation; however, the latter values were low. It was also 
observed that with increase in the concentration of TIBA that was applied 
to stems there was a small increase in the acropetal translocation of IAA, 
in marked contrast to the sharp reduction in basipetal translocation. These 
effects of TIBA suggest that the influence may be upon some active auxin- 
translocation system. This is in accordance with the conclusions of other 
workers (14, 15, 21). Hay (14) has shown that 2,4-D can inhibit auxin trans- 
port in stem sections of bean and that a mechanism similar to that affected 
by TIBA may be involved. Alternative or additional interpretations are 
possible. Galston and Dalberg (11) reported that TIBA can induce adaptive 
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formation of IAA oxidase; however, for equivalent adaptive formation of 
enzyme, higher concentrations of TIBA than of either IAA, NAA, or 2,4-D 
were necessary. 


Conclusion 


It has been shown that differences in endogenous diffusible auxin can be 
related to characteristic differences in morphogenesis. The latter differences 
have been described previously in greater detail (8). The results discussed in 
the present paper provide additional evidence that a proportionately higher 
auxin level is required for the stimulation of stem elongation and flowering, 
as compared with bud and root growth. The evidence indicates that in red 
clover the amount of endogenous diffusible auxin translocated within tissues 
differs according to genotype. The evidence supports the postulation that 
mechanisms exist whereby changes in the endogenous free auxin level can be 
brought about by variations in light that occur in a normal growth situation. 
An endogenous diurnal rhythm in auxin production may normally occur in 
red clover. It can also be concluded that the sensitivity of response of tissues 
to auxin varies according to the prevailing conditions of light and temperature 
and as a function of genotype (6, 7, 8). 
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CYTOGENETIC STUDIES IN AMARANTHUS 


II. NATURAL INTERSPECIFIC HYBRIDIZATION BETWEEN AMARANTHUS 
DUBIUS AND A. SPINOSUS'! 


WILLIAM F. GRANT? 


Abstract 


Spontaneous triploid hybrids (2n = 49) were discovered between Amaranthus 
spinosus L. (2n = 34), a diploid species, and A. dubius Mart. ex Thellung (2 = 
64) which was found to be a tetraploid. Meiosis in the hybrids was irregular 
and 15 univalents were most frequently found along with the bivalents pairing 
apparently allosyndetically (15 I’s + 17 II’s = 2m = 49) at metaphase I 
Univalents were excluded from the telophase. nuclei in both meiotic divisions 
resulting in supernumerary microspores and in a reduction in the mean size of 
the microspores. Consequently, the triploids were — sterile and the few 
undersized seeds produced failed to germinate. Seed weight, seed volume, sto- 
matal size, and pollen grain size were proportional to chromosome number in 
the parents only, not in their hybrids. Since A. dubius exhibits typical bivalent 
behavior in synapsis, it is considered to be an allotetraploid in which A. spinosus 
has been one progenitor. It is suggested that the diploid A. quitensis H. B. K. 
(2n = 32) might be the other progenitor, but from chromosome number relation- 
ships and morphological considerations more than two species may be involved. 
As a result of the high sterility of the triploids, gene exchange between the 
parental species must be of a very limited nature. 


Introduction 


Amaranthus dubius Mart. ex Thellung and 4. spinosus L. are two species 
which were originally native to tropical North America (15) but have now 
spread with man throughout the tropics (6). Whereas A. dubius is confined 
to warmer regions, A. spinosus is a very widespread species which in addition 
to being pantropical extends deep into the temperate zones (5). In the 
former region, A. spinosus is eaten as a vegetable, whereas in the latter, it 
is a common weed. A. dubius is grown both as a grain crop and as a vege- 
table (13). 

Collections of A. dubius and A. spinosus have been grown continuously 
in the greenhouse and field since 1955. During the summer of 1957 two 
plants were observed in collections of A. dubius to be highly sterile, and 
exhibited characteristics relating them to A. spinosus. The study reported 
here concerns the cytology of these two plants which were found to be tri- 
ploid hybrids. Subsequently, an additional plant has been found and shown 
to be a hybrid by means of its chromosome number. With the exception of 
these plants, all six collections of A. spinosus were found to be diploids, and 
all five collections of A. dubius tetraploids. 

A previous report of naturally occurring hybrids between these species is 
mentioned by Thellung (18), who states that in 1874 spontaneous hybrids 
between A. dubius and A. spinosus were observed at the Berlin Botanic 
Garden. Recently, Clifford (personal communication) states that he has 

1Manuscript received May 22, 1959. 
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observed natural hybrids between these species with a frequency of 20 to 
30% of the population studied at Ibadan, Nigeria, and he has synthesized 
a hybrid between them (1). He has found that the artificial hybrid, like 
the natural hybrids, superficially resembles A. dubius, but for most characters 
the hybrid is intermediate between A. dubius and A. spinosus. 

The incidence of natural hybridization in Amaranthus is relatively high 
(2, 19). Sauer (14) in an examination of herbarium specimens of the North 
American dioecious species of Amaranthus has found hybrids involving not 
only all the dioecious species but also some of the monoecious ones. That 
artificial hybrids can readily be formed has been shown by Murray (11), 
who obtained interspecific hybrids between different morphological types 
and also between monoecious and dioecious species. The cytology of two 
other natural interspecific hybrids will be reported in a list of chromosome 
numbers to be published as the concluding paper in this series. 


Materials and Methods 


Mature seeds were collected from plants growing in their natural habitats 
or were received from various botanic gardens. Certain methods by which 
the root tips were handled for chromosome studies have been given previously 
(8). Inaddition to the sectioning of root tips for chromosome study, squashes 
were also made employing the Feulgen technique (4). Meiotic chromosome 
studies were made on flower buds fixed in acetic-alcohol (1:3) and the anthers 
were squashed in iron-acetocarmine. For pollen grain examination, tem- 
porary mounts were made in fast green and lactophenol. Stained grains 
with a full protoplast were considered to be normal and viable. The per- 
centage of good pollen was based on an examination of 1000 pollen grains. 
Guard cell measurements, indicative of stomatal size, were made from im- 
pressions of the epidermis obtained by applying collodion to the leaf surface 
and removing as a film when dry (10). 

Herbarium specimens of the different collections are deposited in the 
herbaria of the Plant Research Institute, Canada Department of Agriculture, 
Ottawa; the Smithsonian Institution, Washington; and the University of 
Wisconsin. I am indebted to Dr. J. Sauer at the latter institution for the 
identification of the specimens. 


Observations 


The collections from which chromosome numbers have been determined 
are presented in Table I along with their source. Camera lucida drawings 
of the chromosomes from root tips and pollen mother cells of the parents and 
hybrids are shown in Figs. 1 to 7. The determination of a somatic chromo- 
some number of 34 for A. spinosus (Fig. 1) confirms the earlier report of 
Takagi (17) for this species. A somatic chromosome number of 64 repre- 
sents the first report of a chromosome number for A. dubius (Fig. 3). With 
the exception of A. dubius, all species of Amaranthus that have been studied 
have a somatic chromosome number of 32 or 34 (3, unpublished observations). 
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Consequently, A. dubius is a tetraploid species, and is the first tetraploid to 
be found in the genus. A. dubius and A. spinosus exhibit typical meiotic 
behavior with 17 (Fig. 2) and 32 (Fig. 4) bivalents, respectively, at meta- 
phase I. No irregularities were observed at either division. 


TABLE I 


Sources of collections and chromosome numbers of A. dubius, A. spinosus, and their hybrids 


Species Acc. No. Source 2n Author 
Amaranthus dubius 205 Garden, sandy soil, Klebang Road, 64 Grant 
Mart. ex Thellung Malacca, Malaya. Collector, W. 
F. Grant 
221 Hortus Botanicus Bergianus, 64 Grant 
Stockholm, Sweden 
334 University College, Ibadan, 64 Grant 


Nigeria, Africa. Collector, 
H. T. Clifford, No. 135 

337 University College, Ibadan, 64 Grant 
Nigeria, Africa. Collector, 
H. T. Clifford, No. 138 

338 University College, Ibadan, 64 Grant 
Nigeria. Africa. Collector, 
H. T. Clifford, No. 139 


Amaranthus spinosus 19 Institute Botanique, University of 34 Grant 
Strasbourg, France 
107 Museum National d'Histoire 34 Grant 
Naturelle, France 
204 Roadside ditch, Klebang Road, 34 Grant 


Malacca, Malaya. Collector, 
W. F. Grant 


237 Hortus Botanicus Bergianus, 34 Grant 
Stockholm, Sweden 
245 Hortus Botanicus Hauiensis, 34 Grant 


Copenhagen, Denmark 
288 Jardin Botanique de I’Université et 34 Grant 


de la Ville, Besagon, France 34 Takagi (17) 
34 Murray (11) 
A, dubius X 205Y ‘Plant originated in Amaranthus 49 Grant 
A. spinosus collection No. 205 
221-8C_ Plant originated in Amaranthus 49 Grant 


collection No. 221 


The hybrids, although superficially resembling the tetraploid parent in 
appearance, have a somatic chromosome number (2n = 49; Fig. 5) inter- 
mediate between those of the parents. The observed meiotic behavior of 
the triploids was always irregular with the univalents distributed at random 
(Fig. 6). It was impossible to analyze meiotic chromosome associations 
completely because of the small size of the chromosomes. Approximately 
100 meiotic metaphase plates were examined. The number of univalents 
ranged from 13 to 17 with 15 being the most frequent (ca. 89%). Since the 
somatic chromosome number of the triploids is 49, it is highly probable that 
the chromosome associations at metaphase would most frequently consist 
of 17 II’s and 15 I’s. At diakinesis 32 elements were regularly counted 
which would also justify this assumption. The failure to detect 15 univalents 
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in some cells was attributed to the fact that the univalents were distributed 
at random at metaphase I and some would by chance lie among the bivalents 
on the metaphase plate and thus be undetected. Also, it was sometimes 
difficult to distinguish two adjacent univalents from a bivalent, if the latter 
was not completely on the metaphase plate. 
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Fics. 1-8. Somatic and meiotic chromosomes of Amaranthus dubius, A. spinosus, 
and their triploid hybrids. Magnification X ca. 3850 (scale B), except Figs. 2, 4, 6, 
and 7 X ca. 2933 (scale A), and Fig. 8 X ca. 1450. Figs. 1-2. Amaranthus spinosus 
L. Fig. 1. Metaphase, 2n = 34. Fig. 2. Metaphase I, » = 17. Figs. 3-4. 
dubius Mart. ex Thellung. Fig. 3. Metaphase, 2n = 64. Fig. 4. Metaphase I, » = 
32. Figs. 6-8. Triploid hybrids. Fig. 6. Side view of MI showing 15 univalents. 
Fig. 7. Early TI, some univalents failing to be incorporated in restitution nuclei. Fig. 
8. Microsporocytes in quartet stage showing four supernumerary microspores as a 
result of chromosomes failing to be incorporated in telophase nuclei. 
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Univalents were not observed to divide at the first division but were distri- 
buted to the poles at random as the bivalents separated. Often, the univa- 
lents were not included in the telophase nuclei of the first (Fig. 7) and second 
divisions. Univalents which were not incorporated in the daughter nuclei 
in telophase remained scattered or in groups in the cytoplasm and generally 
formed micronuclei which were surrounded by walls at quartet formation 
(Fig. 8). 

Evidence was sought to determine if polyploidy could be detected from 
certain morphological characters. A comparison of seed weight and seed 
size is given in Table I], which shows that for the collections tabulated, the 
seed weight and seed volume of the tetraploid, A. dubius, are greater than 
that for the diploid, A. spinosus. 

Stomatal and pollen grain sizes are often valuable criteria for the detection 
of polyploid plants. Guard cell measurements, which are indicative of sto- 
matal size, were made for the parents and hybrid plants (Table II1). Sto- 
matal size was found to be greater in the case of the tetraploid collections, 


TABLE II 


Comparison of seed weight and size of A. dubius and A. spinosus 


Weight Volume 


in grams in cc 
Species Acc. No. of 1000 seeds — of 1000 seeds 
A. dubius 205 0.251 0.220 
4. dubius 221 0.250 0.210 
A, spinosus 107 0.216 0.180 
A. spinosus 245 0.220 0.180 
TABLE III 


Measurements of pollen and stomatal guard cells and percentage of pollen abortion 
in relation to ploidy 


Length of Percentage of 


Species Acc. Ploidy Diameter of pollen* guard cells* aborted pollent 
A. dubiust 205 4n 16.9 
A. dubiust 221 4n 17.6 11.4 0.8 
A. dubiust 334 4n 15.6 13.2 — 
A. dubiust 338 4n 16.4 12.6 — 
A. spinosust 204 2n 18.5 9.6 — 
A. spinosus$ 237 2n 13.2 9.8 2.6 
Hybrids$ 205Y 3n 4.0-17.0 (range) 10.2 a 
13.2 (macropollen) 
221-8C 3n 4.0-15.3 (range) 11.0 67.3 


12.4 (macropollen) 


*Each value given is the mean of 20 measurements. 

tEach value given is based on the examination of 1000 pollen grains. 
Pollen uniform. 
Pollen polymorphic. 
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although the variation in guard cell measurements varied considerably in 
different collections as compared with those for A. spinosus. As shown in 
Table III, the diameter of the tetraploid pollen grains consistently exceeds 
in size that of the diploids. Asa result of gain and loss of chromosomes, the 
triploids were characterized by a wide range in pollen size with the mean size 
of the macropollen grains being slightly greater than that of the diploids. 

Pollen grains were examined to obtain an estimate of the fertility of A. 
spinosus, A. dubius, and their hybrids. Pollen grains that were considered 
to be viable were characterized by uniform dark staining, whereas abortive 
grains failed to stain. Pollen counts from a collection of A. dubius gave 
approximately 99% viable pollen, whereas .1. spinosus, although diploid, 
had only approximately 97% viable pollen (Table III). In contrast, a 
hybrid plant had only 32.7% viable pollen. 

A. dubius, A. spinosus, and their hybrids can be distinguished by the 
axillary bracts which are short-lax, long-rigid and short-rigid, respectively. 
The leaf shape of A. spinosus is ovate-lanceolate (Fig. 11) and is distinct from 
A. dubius (Fig. 9) and the hybrids (Fig. 10) which are similar, both being 
ovate or rhombic-ovate in shape. 


Discussion 

The triploid hybrids simulate the classical example of chromosome behavior 
during meiosis characteristic of many hybrids, as first observed in Drosera 
by Rosenberg (12). A triploid hybrid with a similar meiotic behavior has 
previously been found in the family Amaranthaceae in the closely related 
genus Celosia (7). 

In morphology, the triploids superficially resemble the tetraploid parent, 
A. dubius, and have been identified as this species. This perhaps is not 
unexpected as examples are known of allopolyploids derived from hybridi- 
zation between species having widely different chromosome numbers which 
may resemble one or the other parental species so closely that they have not 
been recognized as distinct by systematists (9, 16). 

The number of univalents observed in the triploids should indicate whether 
the chromosomes are pairing auto- or allo-syndetically. In the former case, 
the chromosomes from the tetraploid parent would be pairing inter se in 
the triploid, leaving the haploid set derived from .1. spinosus as univalents 
(ie. 161I’s + 171’s). In the latter case, the 4. spinosus set would be pairing 
with a homologous set present in 1. dubius, leaving the remaining chromo- 
somes of the tetraploid as univalents (i.e. 17 II's + 15 I's). From a consid- 
eration of the number of univalents observed in the triploids and from the 
fact that only bivalents were seen in the tetraploid parent, which would 
indicate a relatively low degree of homology between the component chromo- 
some sets, allosyndetic pairing of the chromosomes would be favored. This 
would also indicate that .1. dubius is an amphidiploid in which A. spinosus 
would be one progenitor. This explanation, however, may possibly be too 
simple considering chromosome number relationships. A. dubius has 64 
somatic chromosomes whereas .1. spinosus has 34. If A. spinosus is one 
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parent, then A. dubius should be a derivative of an interspecific hybrid 
between A. spinosus and a 32 (or 34) chromosome species. This is quite plaus- 
ible since aneuploidy has played a role in species formation in the genus. 
From morphological considerations it is quite possible that A. dubius is an 
allotetraploid in which more than two species have contributed to its forma- 
tion, and multiple interspecific hybridization which appears to be well estab- 
lished within the genus (20) would justify this assumption. One diploid 
species, A. quitensis H.B.K. (2n = 32), possesses certain morphological 
characteristics which are found in A. dubius, and this species may possibly 
be a progenitor. 

Since the different collections of A. dubius all possess 64 somatic chromo- 
somes and those of A. spinosus 34, any intraspecific variability of these species 
must result from genic rather than from chromosome number differences. 
The gene flow between the parental species would appear to be greatly 
restricted because of the high sterility of their hybrids. The stability of 
these two species is also partly maintained as a result of their ecological 
requirements, in that 1. dubius has a preference for well-drained soils, whereas 
A. spinosus is found most abundantly in very wet locations, such as roadside 
ditches (1, author’s personal observations). However, since both species 
are wind pollinated, hybrids might be expected not only where they grow 
intermixed but also in pure stands of either species and this has been observed 
by Clifford (1). Thus, these species have maintained their individual 
identities as a result of differences in chromosome number and the high 
sterility of their hybrids. The success of the hybrids in nature, therefore, 
appears to be very limited because of their sterility. 
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EVIDENCE FOR NEGATIVE FEEDBACK IN THE CONTROL OF 
ETHANOLAMINE BIOSYNTHESIS IN EXCISED TOMATO ROOTS! 


WILLIAM G. BOLL 


Abstract 


The isolation of a clone of excised tomato roots (clone R3), and the modifica- 
tions of White’s medium necessary for successful culture of this clone, are 
described. The medium includes pyridoxin. Either ethanolamine, dimethyl- 
ethanolamine, glycine, L-serine, L-valine, pL-norleucine, or L-isoleucine (and 
possibly L- tryptophane) replaced pyridoxin to a greater or lesser extent. L- 
Alanine, L-lysine, and L-threonine did not replace pyridoxin. The replacement 
of pyridoxin by ethanolamine is not dependent upon the carry-over of pyridoxin 
in the inoculum and clone R3 has been subcultured for over a year in a medium 
containing ethanolamine but no added pyridoxin. Explanations of this fact are 
given. 

Nutritional experiments are described in which ethanolamine and amino acids, 
which will also partly replace pyridoxin, were supplied together in the absence of 
pyridoxin. The results support the hypothesis that exogenous ethanolamine 
leads to the loss of a vitamin Bs dependent enzyme necessary for the 
biosynthesis of ethanolamine. ‘The results are of incidental interest when con- 
sidering the use of complex additives (e.g. yeast extract) in culture media, and to 
the explanation of toxicity of natural metabolites. 


I reported previously (1) that certain amino acids, choline, dimethyl- 
ethanolamine (2-dimethylaminoethanol), and ethanolamine (2-aminoethanol) 
replaced vitamin Bg,” to a greater or lesser extent, in the nutrition of a clone 
of excised tomato roots (Lycopersicum esculentum Mill. var. Red River) 
grown for one passage in a mineral salts — sucrose medium with thiamin as an 
additional growth factor. The isolation of this clone and some cultural 
requirements, particularly in regard to pyridoxin as a growth factor, are 
described elsewhere (2, 3, 4). The clone was designated R5. Analyses of the 
vitamin Bs content of roots grown with and without vitamin Bs, and with 
ethanolamine replacing vitamin Bs, showed that some vitamin Bg is synthesized 
in the root but that ethanolamine did not increase the internal concentration. 
The results indicate that vitamin Bz is necessary for the biosynthesis of 
ethanolamine, probably as a coenzyme in a serine decarboxylase, and that 
exogenous ethanolamine exerts a ‘sparing action’ on the endogenous vitamin 
B.. The nature of this ‘sparing action’ and the validity of the serine decar- 
boxylase remain to be determined. 

The above work was done at the University of Texas. Clone RS did not 
survive my move to McGill University. This paper reports the isolation of a 
second clone of excised tomato roots (R3) which is being used to study the 
requirement for vitamin Bs in a medium containing both thiamin and niacin. 
The critical observations, in the work mentioned above (1), are confirmed and 
extended. Some additional, nutritional experiments are reported which 
support an explanation, which is given herein, of the unusual fact that vitamin 

‘Manuscript received May 28, 1959. 

Contribution from the Department of Botany, McGill University, Montreal, Que. The 
financial support for this project was granted by the National Research Council of ‘anada. 


*The substances pyridoxin, pyridoxal, and pyridoxamine all show vitamin Bg activity and 
are components of vitamin Bg. 
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Bs. can be replaced by the one substance ethanolamine. The results are 
considered to be of significance to the problem of the control of the activity 
and biogenesis of enzymes in cells. 


Materials and Methods 


The general techniques of root culture used here are described elsewhere 
(2, 3, 5, 27). Five clones of excised roots, each derived from a different seed 
of an inbred line of tomato (Lycopersicun esculentum Mill. var. Red River), 
were established in the medium given by White (27) for excised tomato roots 
except that glycine was omitted and the sucrose was at 1.5%. The seeds used 
came from the inbred plant from a seed of which clone R5 was established (2). 
The clones were maintained by alternating tip and segment passages and in the 
fifth and seventh passages they were screened for response to pyridoxin 
deficiency. The clone which, in the two tests, showed the least growth in the 
minus pyridoxin medium was selected and designated R3. This clone was 
used as the source of inocula for all experiments reported here. 

The subsequent growth of clone R3, when subcultured in the medium given 
above, was appreciably lower than that previously obtained with clone R5 
(1, 2, 3,4). Further nutritional experiments, based upon earlier reports (2, 7, 
13), showed that the best growth was obtained when the medium was modified 
to contain 1.25% sucrose, 0.01 p.p.m. molybdenum (as molybdic acid), and 
0.01 p.p.m. manganese (as manganese dichloride). Thiamin and pyridoxin 
are essential for, and niacin increased further, the growth of the clone. A 
4-day segment passage alternating with a 6-day tip passage gave the most 
satisfactory growth in the tip passage. 

Stock cultures of clone R3 were, therefore, maintained with alternating 
4-day segment and 6-day tip passages in White’s medium modified as indicated 
in the previous paragraph. Tips, 10 mm in length, were excised from 4-day 
segments and used as inocula for the experiments reported here. Unless 
stated otherwise, the tip cultures were harvested on the sixth day and growth 
measured as described elsewhere (2, 6). Stock and experimental cultures 
were grown at 28°+0.5° C in large incubators. 

For convenience’s sake, the medium containing thiamin, pyridoxin, and 
niacin is referred to as TPyN-medium. This medium with pyridoxin omitted 
is TN-medium and with ethanolamine (2 mg per liter) substituted for pyridoxin 
it is TEth.N-medium. 


Results and Discussion 


The replacement of pyridoxin in TPyN-medium by either ethanolamine or 
dimethylethanolamine, and the effects of concentration of these substances, 
are shown in Figs. 1 and 2 respectively. The replacement of pyridoxin by 
either glycine, L-serine, L-valine, L-isoleucine, or DL-norleucine is shown in 
Fig. 3. Ethanolamine is included for purposes of comparison. In Fig. 3, 
the growth of the main axis is expressed as a percentage of the growth in 
TN-medium. The optimal concentrations for replacement of pyridoxin by 
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Fic. 1. The effect of ethanolamine concentration on growth in minus-pyridoxin 
medium (TN-medium). The horizontal lines show the growth in the TN-medium. 
Each point is the mean of nine replicates. 

Fic. 2. The effect of dimethylethanolamine (2-dimethylaminoethanol) on growth of 
the main axis in minus-pyridoxin medium. The horizontal dashed line and solid line 
show the growth in the minus-pyridoxin medium (TN-medium) and_plus-pyridoxin 
medium (TPyN-medium) respectively. Each point is the mean of nine replicates. 


glycine, L-serine, L-valine, L-isoleucine, and pL-norleucine were 1.0 to 3.0, 
3.0, 1.0, 1.0, and 0.1 mg per liter respectively. 

The maximum replacement by ethanolamine (Fig. 1), as judged by growth in 
length of the main axis, was at 2 mg perliter. This is within the range observed 
with clone R5 (1). The effect of ethanolamine concentration on growth of the 
main axis was not accompanied by corresponding effects on growth of the 
lateral roots. Thus at 2.0 mg per liter ethanolamine the total length of the 
10 basal laterals per root was about 60 mm. ‘This compares with values of 
about 90 to 110 mm usually obtained with TPyN-medium. Measurements 
of roots from two representative experiments comparing growth in TPyN- 
medium and TEth.N-medium are given in Table I. The final dimensions 
of the roots grown for 6 days in TEth.N-medium were consistently smaller 
than those of roots grown in TPN-medium. The lateral frequency (number 
of lateral roots per mm of the length of main axis bearing laterals) was similar 
ni the two treatments. 
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ETHANOLAMINE 
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GROWTH IN LENGTH OF MAIN AXIS. 
AS PERCENTAGE OF GROWTH IN 
ABSENCE OF PYRIDOXIN 


Fic. 3. The stimulation of growth in minus-pyridoxin medium (TN-medium) by the 
substances shown. The results are calculated from the combined results of 6, 2, 4, 3, 2, 
and 2 experiments for ethanolamine, glycine, L-serine, L-valine, DL-norleucine, and L- 
isoleucine respectively. Each treatment, in each experiment, contained nine replicates. 


The differerfce between the main axis and the lateral roots, in response 
to ethanolamine and pyridoxin, is only revealed in medium containing niacin. 
In the absence of niacin, the morphology of the roots with optimal ethanol- 
amine is about the same as that of roots grown with optimal pyridoxin. 

The replacement of pyridoxin obtained with dimethylethanolamine was 
approximately 80%. This is in contrast to the remarkable 142% replacement 
obtained with clone R5 (1). Similarly the replacement of pyridoxin by 
ethanolamine obtained with clone R3 here is somewhat lower than the 112% 
replacement obtained with clone R5 (1). The medium in which the experi- 
ments with clone R5 were carried out did not contain niacin. Thus the 
differences in percentage replacement may be due either to the different 
clones or to the changed composition of the basal medium. If this is not the 
case then the differences suggest an interaction between niacin and ethanol- 
amine or dimethylethanolamine. This has not been investigated. 

With clone R5 the following substances did not replace pyridoxin: L-alanine, 
DL-alanine, L-threonine, DL-threonine, DL-lysine, L-cysteine, DL-homocystine, 
pDL-homoserine, L-arginine, glycine-betaine, sarcosine, creatine, glutathione, 


TABLE I 


Final length of the main axis (mm), number of laterals, total length of the 10 basal laterals 
(mm), and number of laterals per mm of main axis bearing laterals (lateral frequency) of 
roots grown for 6 days in medium containing either pyridoxin (TPyN-medium) or ethanol- 

amine (TEth.N-medium). Each value is the mean of nine roots 


Length of Number of Length of Lateral 
Expt. Medium main axis laterals laterals frequency 
1 TPyN 138.0 34.2 110.7 0.42 
TEth.N 97.8 20.7 63.1 0.40 
2 TPyN 142..6 26.6 90.0 0.45 
TEth.N 82.1 19.8 57.7 0.48 
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or formaldehyde. As stated above, the medium used for the experiments 
with clone R5 (1) did not contain niacin. The effect of the addition of either 
L-alanine, L-lysine, or L-threonine to TN-medium was tested here with clone 
R3. L-Tryptophane was also tested. Each amino acid was tested at various 
concentrations ranging from 0.03 to 8.0 mg per liter. Only L-tryptophane 
increased the growth. It did not affect growth of the main axis but at 0.3 and 
1.0 mg per liter it caused a slight increase in the growth of the few lateral 
roots which form on roots grown in the absence of pyridoxin. It is concluded 
that the above amino acids do not replace pyridoxin and that the similar 
results obtained with clone R5 were not due to the lack of niacin in the medium. 
It was stated above that the experiments illustrated in Figs. 1, 2, and 3 
were inoculated with tips excised from segments of stock cultures grown in 
TPyN-medium. Such tips must contain some vitamin Bg carried over from 
the TPyN-medium. This could mean that, because the tips were only grown 
for 6 days, the replacement of exogenous pyridoxin by ethanolamine was 
dependent upon the endogenous vitamin Bes carried over in the inoculum. 
In order to examine this objection, roots were cultured for prolonged periods 
in TEth.N-medium. This was done in three different ways: (a) by growing 
tips for 14 days in a medium modified to compensate for ‘staling’ effects, 
(6) by subculturing through alternating tip and segment passages, and (c) 
by subculturing through a series of passages by repeatedly excising and 
transferring the main apex. The details of these experiments are given below. 
The tips to be grown for 14 days were inoculated, five per flask, into 1000-ml 
flasks each containing 250 ml of either TN-medium, TPyN-medium, or 
TEth.N-medium The ferric sulphate, normally used in the basal medium, 
was replaced by ferric sodium ethylenediaminetetraacetic acid (FeEDTA) 
2, 19). The FeEDTA solution was prepared as described previously (2) 
and 2.0 ml of the solution’was included in each liter of medium. The results 
are given in Table II and Fig. 4 which shows typical roots from TPyN-medium 
and TEth.N-medium. The results for TN-medium are not included because 
it was quite clear that growth had stopped by the seventh day. It was stated 
above that, with roots grown for 6 days in TEth.N-medium, the growth of the 


TABLE II 


Growth of roots after 14 days in medium either containing pyridoxin (TPyN-medium) or 
with ethanolamine replacing pyridoxin (TEth.N-medium). The initial length of the 
inocula was 10 mm 


Medium 
Feature measured Pyridoxin (TPyN) Ethanolamine (T Eth. N) 
Length of main axis per root (mm) 192.0+9.93* (20)f 252.6414. 9 (15) 
No. of laterals per root 67.2+4.18 (20) 93.5+7.75 (15) 
Total length of 10 basal laterals per root 
(mm) 482.1+21.1 (20) 167.2412:1 (45) 


variance 
number of replicates * 


*Standard error = \ 


tNumber of replicates. 
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‘e Fic. 4. Roots grown from 10-mm tips in medium either containing pyridoxin (TPyN- 
medium) (right) or with ethanolamine replacing pyridoxin (TEth.N-medium) (left) to 
show the typical difference in form obtained with the two media. 
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main axis, and the growth of the lateral roots relative to that of the main 
axis, were less than in TPyN-medium. With roots grown for 14 days, the 
length of the main axis was considerably greater in TEth.N-medium than in 
TPyN-medium but the growth of the laterals did not increase correspondingly. 
The consequent striking difference in the morphology of the roots grown in the 
two media can be seen in Fig. 4. This interesting morphogenetic effect is 
worth further investigation, especially in view of the evidence for hormonal, 
correlative mechanisms within the excised tomato root (6, 18). The main 
point here is that the increase in the passage length, from 6 to 14 days, did not 
lead to a stoppage of growth in TEth.N-medium, and that, in the last 8 days 
of the 14-day passage, the growth in length of the main axis was greater in 
TEth.N-medium than in TPyN-medium. 

On October 2, 1957, tips excised from the stock cultures of clone R3 in 
TPyN-medium were transferred into TEth.N-medium. These roots have 
since been maintained in alternating 6-day tip and 4-day segment passages. 
At the time of writing the roots have been maintained in this medium for over 
a year without any decrease in the level of growth. 

It has been reported elsewhere that if the main tip of a 6- or 7-day-old root is 
excised and transferred into fresh medium the tip does not necessarily survive 
(5, 20). This appears to be due, at least in part, to the accumulation, in the 
main apex, of an inhibitor which is produced in the older part of the root 
(6, 18). The effect can be offset by certain nutritional treatments and, to 
some extent, by subculturing the apex at shorter time intervals (5, 18). The 
effect of subculturing through the main apex, in TEth.N-medium, was tested 
using 3-day, 4-day, and 6-day passages. Each passage treatment initially 
contained eight replicates. The results are given in Table III. Although 

TABLE III 
Growth of main axis (mm) and survival, in successive passages, of roots subcultured through 


the main apex, at three passage lengths, in a medium (TEth.N-medium) in which 
pyridoxin was replaced by ethanolamine. The reasons for the losses are given in the text 


3-Day 4-Day 6-Day 
Growth, Number Growth, Number Growth, Number 
Pass mm surviving mm surviving mm surviving 
1 27.4 8 50.4 8 74.1 8 
2 29.6 8 61.5 8 89.6 8 
3 42.3 7 65.6 8 117.0 8 
4 33.7 7 58.5 8 106.7 8 
7 41.4 7 74.4 7 Not measured 8 
6 50.7 7 65.8 6 Not measured 8 
7 45.8 . 62.5 6 6 
8 34.0 6 Not measured 6 
9 41.2 6 Not measured 6 
10 44.6 6 69.5 6 
11 44.6 6 67.8 6 
12 Not measured 6 
13 52.0 6 
14 47.3 6 
Total days 


of growth 42 44 42 
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some losses occurred in each passage treatment, with one exception these were 
due to technical failures (fungal contamination, tips sticking above the 
surface of the medium, and loss during transfer). The one exception occurred 
in passage 6 of the 4-day passage treatment. This root became injected and 
failed to grow on subculture. In other words it was similar to roots which 
failed to survive when subcultured through the main apex in TPyN-medium 
(5, 20). It did not show the symptoms of pyridoxin deficiency. The growth 
rate of the roots which survived in this experiment did not decrease with time. 
In fact, the growth per passage, in all three passage treatments, increased 
markedly during the subculture in TEth.N-medium. 

From these experiments, on the prolonged culture of roots in TEth.N- 
medium, it is concluded that the replacement of pyridoxin by ethanolamine 
in the nutrition of the roots is not dependent upon the carry-over of pyridoxin 
from the TPyN-medium in which the original inocula were grown. In other 
words, an exogenous supply of ethanolamine eliminates the requirement for 
exogenous pyridoxin in the medium as prepared here. The experiments 
support the suggestion, made in the introduction, that exogenous ethanolamine 
exerts a ‘sparing action’ on the endogenous vitamin Bes synthesized by the root. 
The explanation of such an internal ‘sparing action’ is not easy to find and to 
prove. 

Vitamin Bg is necessary as a coenzyme for a number of enzymes (11, 29) in 
addition to the postulated serine decarboxylase. This is probably the case 
in the excised tomato root. If all the products of enzymes in which vitamin 
B, is a coenzyme were supplied in the medium then it would be expected that 
the requirement for exogenous pyridoxin would be eliminated. This is 
apparently the case with certain microorganisms which will grow either with 
a complex mixture of amino acids or with vitamin Bg (16). 

In view of the fact that some vitamin Bg is synthesized in the excised tomato 

root (1), two possible explanations of the replacement by ethanolamine can 
be considered. The first explanation is that some enzymes require endogenous 
vitamin Bs whereas others, such as the postulated serine decarboxylase, 
require exogenous vitamin Bs. This could mean that, with those enzymes 
which require endogenous vitamin Bes, the synthesis of the coenzyme and 
apoenzyme are closely associated. Such a situation could be a consequence 
of either structural or biochemical restrictions. This hypothesis is interesting 
and, in view of the restriction of some enzymes to certain structures in the cell, 
such as the mitochondria, it is a possibility which should be considered. 
. However, at the moment, the hypothesis is difficult to test. 
: The second explanation is that, when ethanolamine is supplied to the roots, 
the serine decarboxylase is no longer necessary, breaks down (or is no longer 
synthesized), and the vitamin Bg which would otherwise be tied up in the 
enzyme is then released and becomes available for other enzymes which require 
vitamin Bs. This second explanation is of great interest to the problem of 
cellular control of enzyme activity and biogenesis. Some sort of control 
must occur but our knowledge of the ways in which this regulation is realized 
I in vivo is still scanty. 


: 

{ 

= 


BOLL: EXCISED TOMATO ROOTS 1079 


Current views of the control of enzyme biogenesis (9, 14, 23, 24, 25) include 
the idea of ‘inducers’ and ‘repressors’. The idea that enzyme biogenesis 
depends upon an inducing substance stems from work on adaptive enzymes. 
The biogenesis of such enzymes, for which there is now substantial evidence 
(26), depends upon the presence of the substrate: they are ‘inducible’ and it 
is held (9) that inducers may be involved in the biogenesis of all enzymes. 
The opposite effect to induction is the repression of the biogenesis, or the 
activity, of an enzyme as a response to the product, or more or less remote 
product, of the particular enzyme. A number of cases are now known where 
an exogenous supply of a metabolite suppresses the endogenous synthesis of 
that metabolite. This is known as negative feedback control (22). In some 
instances this is due to an inhibition, by the metabolite, of an enzyme involved 
in the biosynthesis of the metabolite (17, 22, 23, 30). In other instances, 
which are more pertinent to the observations under discussion here, the 
presence of the exogenous metabolite leads to the loss of activity of an enzyme 
involved in the biosynthesis of the metabolite. Thus if Escherichia coli is 
grown in the presence of methionine, then the activity of methionine synthase, 
the enzyme which converts homocysteine to methionine, disappears or is 
greatly reduced in activity (8, 28). Also in E. coli the formation of ornithine 
transcarbamylase, an enzyme for arginine biosynthesis, is prevented by 
exogenous arginine (12); exogenous uracil or cytosine leads to the loss of 
ureidosuccinic synthetase activity (30). In cultures of human cells (10), 
exogenous glutamine leads to the loss of glutamyl transferase activity, and 
exogenous tryptophane supplied to Aerobacter aerogenes causes the loss of 
tryptophane desmolase activity (15). 

These observations on enzyme repression in other organisms lend support 
to the view that exogenous ethanolamine leads to the loss of a vitamin Be 
dependent enzyme (serine decarboxylase) in the excised tomato root. To 
test this hypothesis would, ideally, require the isolation of the serine decar- 
boxylase. Unfortunately, this enzyme has not, to my knowledge, been 
isolated. However, some further physiological experiments were carried 
out to test the hypothesis. These experiments take advantage of the fact 
that some amino acids, which partly replace vitamin Bg in the nutrition of 
the excised tomato root (1), and which therefore probably require vitamin Bg 
for their biosynthesis, are toxic at relatively low concentrations. According 
to the hypothesis, in medium containing ethanolamine but no vitamin Beg, 
the vitamin Bes used in serine decarboxylase is shunted into other enzymes. 
Two predictions can then be made regarding the growth to be expected in 
medium containing both an amino acid and ethanolamine but no pyridoxin. 
The first prediction is that in the presence of the amino acid, at or below the 
optimal concentration in TN-medium, ethanolamine, at low, suboptimal 
concentrations, should increase growth above that obtained with either 
ethanolamine or the amino acid alone. In other words, ethanolamine and 
the amino acid should be synergistic. The second prediction is that the 
amino acid, when added to TEth.N-medium, should be inhibitory at lower 
concentrations than when added to TN-medium. The second prediction 
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TABLE IV 


The stimulation of growth by low concentration of ethanolamine in thiamin-niacin medium 
(TN-medium) supplemented with either L-serine or L-valine. Each value is the mean of 
nine replicates and shows the final length of the main axis (mm) of roots _- for 
6 days from 10-mm tips 


L-Serine, mg/l. L-Valine, mg/I. 
Expt. 1. Expt. 2 Expt. 1 Expt. 2 
Ethanolamine, 

mg/I. 0 3.0 0 3.0 0 1.0 0 1.0 

0 20.0 74.2 30.0 82.4 19.8 84.4 22.1 88.2 

0.03 23.5 70.2 23.2 84.1 

0.045 45.6 82.1 — 35 100.4 
0.06 49.0 94.5 62.0 108.0 48.0 99.5 50.3 103.2 
a 0.1 66.1 77.6 80.4°' 100.0 64.0 92.9 67.4 93.6 
0.3 81.3 64.8 89.0 80.7 


follows because the vitamin Bes, released by the presence of ethanolamine, 
would lead to increased biosynthesis of the amino acid and a lowering of the 
concentration at which the exogenous supply is toxic. 

The first prediction was tested with L-serine and L-valine. The amino 
acids were added to the medium at what had previously been found to be the 
optimal concentration for replacement of pyridoxin. The results are given 
in Table IV. In each case the addition of ethanolamine at low concentra- 
tions (0.045 to 0.1 mg per liter) increased the growth over that obtained with 
either ethanolamine or the amino acid alone. However, it should be noted 
that at the higher concentration of ethanolamine (0.3 mg per liter), which 
4 was a suboptimal concentration for replacement of pyridoxin, growth was 
decreased in the presence of the amino acid. 

The second prediction was tested with glycine, L-serine, L-valine, DL- 
norleucine, and L-isoleucine. Each amino acid was added, over a range of 
concentrations, to TN-medium and TEth.N-medium. The experiments 
were done twice with the same results on each occasion. Representative 
results are given in Figs. 5, 6, and 7. In the experiments with glycine, L- 
serine, L-valine, and DL-norleucine, the growth in the minus pyridoxin control 
(TN-medium) was greater than that observed with similar treatment in all 
the many earlier experiments. This difference has persisted and the causes 
are being investigated. However, it does not affect the conclusions which 
are reached here. In each case, the presence of the amino acid in TEth.N- 
medium, even at concentrations which were optimal or suboptimal in TN- 
: medium, lowered the growth below that in TEth.N-medium. In the case of 
4 glycine and L-serine, at concentrations which were optimal when added to 
TN-medium, growth was much lower in the presence than in the absence of 
ethanolamine. The results of these experiments are considered to support 
the hypothesis that the presence of ethanolamine leads to the elimination 
of a vitamin Bz dependent enzyme necessary for the synthesis of ethanolamine. 

Finally it should be mentioned that the lower growth obtained when 
ethanolamine and an amino acid were supplied together than when each 
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was supplied alone can be regarded as an antagonism. Various explanations 
of such antagonisms are possible. The explanation given here is, I believe, 
novel and may prove of value in interpreting the toxicity of natural meta- 
bolites. It may also be of value when considering the growth effects, or lack 
of growth-promoting properties, of complex additives, such as yeast extract 
or other plant extracts, which are used in tissue culture media. The syner- 
gistic toxicity of two substances in such complex media could obscure the 
fact that either substance supplied alone would promote growth. 


21. 
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BIOSYNTHESIS OF PUNGENIN FROM C"-LABELLED 
COMPOUNDS BY COLORADO SPRUCE! 


A. C. NEISH 


Abstract 


A number of C'-labelled compounds were fed to detached leafy twigs of 
Colorado spruce (Picea pungens Engelm. ), and after a metabolic period of 24 hours 
the pungenin was isolated and the specified activities of the glucose moiety and 
the aglycone (3,4-dihydroxyacetophenone) were determined. In some instances 
the aglycone was degraded further to determine the C' in the methyl and 
carbonyl carbons separately. 

Caffeic acid and L-phenylalanine were the best precursors of the aglycone; 
cinnamic acid, p-coumaric acid, phenyllactic acid, and shikimic acid were quite 
good. Sodium acetate was a poor precursor, and was converted to glucose more 
readily than to the aglycone. Compounds found to be very poor precursors 
include tyrosine, 3,4-dihydroxyphenylalanine, 3-hydroxytyramine, phenyl- 
acetic acid, mandelic acid, p-hydroxyphenylpyruvic acid, p-hydroxyphenyllactic 
acid, p-hydroxybenzoic acid, and protocatechuic acid. Cinnamic acid-a-C' gave 
3,4-dihydroxyacetophenone labelled chiefly in the methyl group, while cinnamic 
acid-B-C™, p-coumaric acid-8-C, and caffeic acid- 
B-C" formed 3,4-dihydroxyacetophenone labelled mainly in the carbonyl carbon. 
It appears that a phenylethanoid compound is formed by a process involving the 
loss of the terminal carbon of a phenylpropanoid compound. 

3,4-Dihydroxyacetophenone-carbonyl-C" was fed to spruce twigs bearing new 
terminal growth; up to 20% was converted to pungenin but most of it formed 
unidentified compounds. It was a poor precursor of lignin, compared with cinna- 
mic acid, and a poor precursor of glutamic acid, relative to acetate. 


Introduction 


Glucosides of hydroxyacetophenones have been found in a number of plant 
species. A glucoside of p-hydroxyacetophenone (picein) was isolated from 
leaves of Picea excelsa Link (22, 42) and from Salix discolor Muhl. (18). 
Acetovanillone-B-glucoside (androsin) was extracted from rhizomes of A pocy- 
num androsaemifolium L. (23, 28) and a glucoside of 2-hydroxy-4-methoxy- 
acetophenone was isolated from Paeonia arborea Donn. (24, 35). More re- 
cently (32, 33) the 3-monoglucoside of 3,4-dihydroxyacetophenone (pungenin) 
was found to be a major water-souble constituent of the leaves of both Colorado 
spruce (Picea pungens Engelm.) and white spruce (Picea glauca (Moench) 
Voss). 

This paper is concerned mainly with the biosynthesis of pungenin from 
C'*-labelled compounds fed to cuttings of Colorado spruce. Most of the com- 
pounds administered were benzenoid so it was primarily the origin of the 
aglycone (3,4-dihydroxyacetophenone) which was studied. The author 
has not been able to find any previous reports on the biosynthesis of aceto- 
phenone derivatives by plants. 

1Manuscript received June 1, 1959. 
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Seasonal changes in the concentration of pungenin in spruce leaves suggest 
it acts as a stored food in winter and is utilized during the period of rapid 
terminal growth which occurs in spring (33). Some studies have been made on 
the metabolism of pungenin aglycone, during this period of rapid growth. 
The results have a bearing on the biosynthesis of pungenin, as well as on its 
utilization, and are reported in this paper. 


Experimental 
C''-Labelled Compounds 

Sodium acetate-1-C™, sodium acetate-2-C™, phenylacetic acid-1-C™, DL-3,4- 
dihydroxyphenylalanine-a@-C™, L-phenvlalanine-G-C™ (generally labelled), 
and L-tyrosine-G-C™ were purchased from Atomic Energy of Canada Limited, 
while 3-hydroxytyramine-B-C™ was obtained from Merck and Company. 

was prepared by the Fries re- 
arrangement of catechol diacetate (39). Carbonyl-labelled acetic anhydride 
was made (yield 87%) by heating anhydrous sodium acetate-1-C™ with 
p-toluenesulphonyl chloride (41). This was used to prepare catechol diacetate, 
ona 10-mM scale, by a method developed for the acetylation of hydroquinone 
(1). The Fries rearrangement (39) gave 3,4-dihydroxyacetophenone-carbonyl- 
C™ (61%). It was purified by crystallization from water and by vacuum 
sublimation; m.p. 123°C. The over-all yield, based on sodium acetate, was 
about 25% when allowance was made for the acetic acid recovered as a by- 
product of the acetylation of catechol, but not allowing for recovery of the 
acetic acid released in the Fries reaction. A similar synthesis, based on C'- 
labelled acetyl chloride, has been described by Howton et al. (16). 

The excellent method of Billek and Herrmann (5) was used for the prep- 
aration of p-hydroxyphenylpyruvic acid-B-C™ and part of this was reduced to 
p-hydroxyphenyllactic acid (yield 73%) by sodium amalgam (40). The prep- 
aration of the other C'*-labelled compounds has been described - previously 
(7, 9, 25, 33, 46). 


Administration of Labelled Compounds to Twigs 

The labelled compound (about 100 4M) was dissolved in 1-2 ml of water 
in a 5-ml beaker. If the compound was acidic, sodium hydroxide (95-100% 
of theory) was added. Some sodium hydroxide was also required to effect 
solution of tyrosine (pH 9-9.5). The beakers were clamped on a ring stand. 

The twigs were freshly harvested from the ends of the lower branches of 
Colorado spruce trees. These trees were about 40 feet high. Two twigs, re- 
presenting the past 2 years’ growth, were used in each experiment. The 2- 
year-old leaves were cut off leaving the bare 2-year-old stem carrying the 
growth (leaves and stems) most recently formed. The twigs were fastened 
together, back to back, by a rubber band wound around the upper part of 
the denuded stem. The stems were then recut under water and the twigs were 
transferred to the 5-ml beaker. The cut ends were immersed in the solution 
of the labelled compound and another rubber band was looped over the 
twigs and under the clamped beaker to hold the twigs in position. 
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Absorption of the solution was allowed to proceed under ordinary laboratory 
conditions (20-22° C). When about 80% of the solution was absorbed, dis- 
tilled water (0.5 ml) was added, and when it was absorbed this ‘“‘washing-in”’ 
process was repeated. The total time allowed for absorption of the labelled 
compound was about 4 hours. If absorption was incomplete after this time 
the amount of C™ remaining in the beaker was measured and the amount of 
precursor absorbed was calculated by difference. At the end of the absorption 
time the twigs were supported in a 250-ml beaker containing about 25 ml of 
water and put in an incubator at 22° C. They received light with an intensity 
of about 4000 lux, from ‘“‘cool white’’ fluorescent tubes, for the remainder of 
the metabolic period. 


Isolation of Pungenin 

When the metabolic period was finished (24 hours) the twigs were homo- 
genized in hot aqueous ethanol and fractionated as described before (33). 
Fraction A, which contains the water-soluble constituents, was then deionized 
(33) and evaporated to about 20 ml under an air stream at room temperature. 
This solution was chromatographed on a 2.7 X40 cm charcoal column made by 
mixing equal volumes of Darco-G-60 and Celite 545 (33, 45). The column was 
developed by successive washings with (a) 200 ml of water, (6) 200 ml of 10% 
ethanol, (c) 200 ml of 30% ethanol, (d) 200 ml of commercial absolute ethanol, 
(e) 300 ml of 20% benzene in ethanol, and (f) 200 ml of 30% benzene in ethanol. 

The pungenin was eluted by the 30% benzene in ethanol. It was detected 
by spotting a drop on filter paper, drying, and then spraying with a periodate— 
permanganate reagent (21). The fraction of the eluate which contained the 
pungenin was evaporated by air stream at room temperature. This gave a 
residue which crystallized (m.p. 172-184°). The weight of this residue was 
taken to represent the total amount of pungenin in the twigs. It was purified 
by slurrying with about eight parts of ethanol and then adding eight parts of 
petrol (30-60°). After being kept at 3° overnight the pungenin was filtered 
out, washed by petrol, and air-dried. This material was then dissolved in the 
minimum amount of hot water (about 2 ml/g), cooled at 3° overnight, and the 
colorless solid collected by suction and washed with a small amount of ice 
water. This purified sample of pungenin (m.p. 195-197°) was dried in a vacuum 
desiccator. The specific activity of pungenin, obtained from twigs activated 
by cinnamic acid, caffeic acid, or phenylalanine, did not change appreciably 
on further recrystallization. 

This procedure was varied for the experiments reported in Table VI. The 
A fraction was dissolved in 40 ml of water, acidified to pH 2 with hydrochloric 
acid, and extracted continuously by ether for 4 hours. This extracted all 
of the cinnamic acid or 3,4-dihydroxyacetophenone without extracting any 
appreciable amount of pungenin. The total C™ content of the ether extract 
was measured. The aqueous solution was neutralized and the pungenin was 
isolated from it by chromatography on charcoal and purified as described 
above. 
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Hydrolysis of Pungenin and Isolation of the Products 

The purified pungenin (100-150 mg) was refluxed with 5 ml of NV sulphiric 
acid for 1.5 hours. The hydrolyzate was cooled and then extracted with eth 
ether in a continuous extractor (10 ml) for 2 hours. 

The aglycone (3,4- dihydroxyacetophenone) was obtained by evaporati 
of the ether extract. It was taken up in 3-4 ml of water and treated with 25 
ml of a 0.5% solution of 2,4-dinitrophenylhydrazine in 2 N hydrochloric acid. 
The mixture was heated to boiling, cooled to room temperature, the red solid 
collected by suction in a sintered-glass crucible, washed with cold water, and 
air-dried. This hydrazone was then recrystallized from hot absolute ethanol 
(about 1000 ml/g); m.p. 280° (32). 

The aqueous residue from the ether extraction was neutralized by BaCOs, 
filtered with Celite Analytical Filter-Aid, and the filtrate was evaporated to 
about 4 ml by an air stream at room temperature. It was treated with 300 
mg of phenylhydrazine hydrochloride, 450 mg of sodium acetate trihydrate, 
and 0.3 ml of glacial acetic acid. The mixture was heated in a test tube immersed 
in boiling water for 1 hour. The tube was then cooled to room temperature 
and the phenylosazone collected in a sintered-glass crucible and washed 
successively with cold 50% ethanol, absolute ethanol, and ether. It was then 
air-dried and recrystallized from 50% ethanol. 

Analysis of the hydrazone and osazone gave the C™ content of pungenin 
aglycone and pungenin glucose respectively. In most experiments the total 
C"™ found per mM of aglycone plus the C'* per mM of glucose was approxi- 
mately equal (+5%) to the C™ found by direct analysis of the purified pung- 
enin. However when protocatechuic acid or p-hydroxybenzoic acid was 
used as the precursor less than 10% of the C™ in the pungenin was recovered 
in the hydrolysis products. This suggests that these acids formed glycosides 
or esters which were difficult to separate from pungenin, but which did not 
form an ether-soluble aldehyde or ketone on hydrolysis. 


[Isolation of Vanillin and the Amino Acids 

In the experiments reported in Table VI, vanillin and amino acids were 
isolated from lignin and protein respectively. The vanillin was obtained by 
alkaline nitrobenzene oxidation of a 2-g sample of fraction C, and purified by 
partition chromatography followed by conversion to the m-nitrobenzoyl 
hydrazone, as described elsewhere (7). 

The amino acids were obtained by acid hydrolysis of fraction C and sepa- 
rated by ion-exchange chromatography (15). Two grams, ground to pass a 
60-mesh screen, were mixed with 35 ml of 6 NV hydrochloric acid and sealed in a 
25150 mm test tube. The tube was heated 24 hours at 100°, cooled to 
room temperature, the contents filtered, and the filtrate evaporated under an 
air stream at room temperature. This crude amino acid fraction was taken up 
in 25 ml of water and the solution was put through a 25-ml column of Amberlite 
IR-120-H resin. The column was washed by water and the eluate and washings 
were discarded. The amino acids were eluted from the resin by 120 ml of V 
ammonium hydroxide and this eluate was evaporated to dryness by an air 
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stream at room temperature. The residue was dissolved in 3 to 5 ml of 0.5 V 
acetic acid and placed on a 2X60 cm column of Dowex-1-resin (8% cross- 
linked; 200-400 mesh), previously washed by sodium acetate (3 V) and then 
by 0.5 N acetic acid. The column was then developed by 0.5 N acetic acid 
(15), 3-ml fractions being collected automatically. This separated pheny!l- 
alanine, tyrosine, glutamic acid, and aspartic acid from the other amino 
acids. A mixture of amino acids was found in tubes 10-20, phenylalanine in 
tubes 22-28, tyrosine in tubes 32-36, glutamic acid in tubes 40-50, and as- 
partic acid in tubes 98-109. Tryptophan, if present, would be found in tubes 
71-82, but it was not encountered in this work. 

The contents of the tubes were checked by paper chromatography, using 
n-butanol: acetic acid: water (40:10:18). The spots were detected by spraying 
with a 0.2% solution of ninhydrin in ethanol and then heating the papers 
at 100° for 5 minutes. Tubes containing the pure amino acids were combined 
and a small aliquot analyzed quantitatively by the method of Moore and Stein 
(29). A known proportion of carrier (20-50 mg) was then added to the re- 
mainder of the amino acid fraction and it was recrystallized to constant 
specific activity as follows. Glutamic acid was dissolved in hot water (25 
parts), then acetone (50 parts) was added and the mixture allowed to stand 
overnight at 3°. The solid was collected in a small sintered-glass funnel and 
washed with acetone—water and then with acetone. Aspartic acid was dissolved 
in hot water (85 parts), then ethanol (40 parts) was added and the mixture 
cooled for 2 hours at 3°. The solid was collected and washed by 33% ethanol, 
by ethanol, and by ether. Phenylalanine was dissolved in hot water (30 
parts), then ethanol (160 parts) was added and the mixture cooled at 3° 
overnight. The solid was washed by 85% ethanol, by ethanol, and by ether. 
Tyrosine was dissolved in 420 parts of hot water and cooled at 3° overnight. 
The crystals were washed with water, ethanol, and ether. 


Determination of Sucrose and Shikimic Acid 

These compounds were measured directly in two experiments. The shikimic 
acid was recovered from the ion-exchange resin as before and chromato- 
graphed on charcoal (33). The shikimic acid fractions from the charcoal 
column were combined and their shikimic acid content measured by a colori- 
metric method (47). The sucrose was isolated by gradient elution chroma- 
tography of the deionized A fraction on charcoal. It was then measured color- 
imetrically by the anthrone reagent (30, 31). 


Paper Chromatography of Ether Extracts 

The ether extracts of the A fractions (Table VI) were examined by paper 
chromatography followed by radioautography of the chromatograms. Water 
containing 1% of acetic acid was found to be useful as a developing solvent. 
Pungenin aglycone, pungenin, and cinnamic acid had R,; values of 0.55, 0.72, 
and 0.59 respectively, measured at 22° C on Whatman No. 1 paper by the 
ascending technique. Another solvent found to be useful was n-butanol: acetic 
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acid: water (40:10:18). Pungenin had an R; of about 0.63 in this solvent 
while the aglycone (R;=0.90) and cinnamic acid travelled near the solvent 
front. 

Radioautographs of the developed and dried chromatograms were run for 
2 weeks using No-Screen X-ray film. Pungenin and its aglycone were detected 
by spraying the paper with a ferric—ferricyanide solution (2) or a periodate— 
permanganate reagent (21). The aglycone was also revealed by spraying with 
a solution of 2,4-dinitrophenylhydrazine (6). Cinnamic acid was not easily 
detected by color reactions, so a radioactive sample was run as a marker on 
each sheet. 


Oxidative Degradation of the 2,4-Dinitrophenylhydrasone of 3,4-Dihydroxy- 
acetophenone 

Chromic acid oxidation of the 2,4-dinitrophenylhydrazone of 3,4-di- 
hydroxyacetophenone would be expected to give 1 mole of acetic acid from the 
C, side chain (19), and 12 moles of carbon dioxide representing the ring 
carbons. The results actually obtained for a synthetic sample labelled with 
C™ in a known position are shown in Table IV. The oxidations were carried 
out as follows. The sample of hydrazone (about 65 mg) was refluxed 2 hours 
with 32 ml of 5 N aqueous CrO; and 8 ml of concentrated sulphuric acid. The 
carbon dioxide formed was swept out by a stream of carbon dioxide free air 
and absorbed in normal ‘‘carbonate-free’’ sodium hydroxide. It was estimated 
gravimetrically following precipitation as barium carbonate. 

The acetic acid was recovered from the chromic acid solution by steam dis- 
tillation, after the oxidation was completed. This was accomplished by adding 
and distilling out successive 20-ml portions of water, until titration of the 
distillate, with 0.1 N sodium hydroxide to the phenol red end point, showed 
that practically all of the volatile acid had been recovered. 

The neutralized distillate was evaporated and the acetate purified, as 
acetic acid, by partition chromatography on a Celite column (31). The yield 
of acetic acid was determined by titration of the acetic acid fraction from the 
Celite column. This gave a purified sample of sodium acetate. The distri- 
bution of C' in this acetate was then determined using the Schmidt reaction, 
as described by Phares (36). 

The yields of carbon dioxide and acetic acid from synthetic carbonyl- 
labelled 3,4-dihydroxyacetophenone (see Table IV) were both somewhat 
lower than expected, so it is probable that part of the hydrazone escaped 
oxidation. Some C™ was found in the carbon dioxide although theoretically it 
should all have been in the acetic acid. The acetic acid should have had the 
same specific activity (expressed as myc per mM) as the hydrazone, but it 
actually had only 85% of this activity. This indicates it was diluted by 
inactive acetic acid, presumably formed by oxidation of impurities present in 
the chemicals. Degradation of the acetic acid, by the method of Phares (36), 
did not cause any further dilution of the carbon. 

The distributions of C™ shown in Table V were calculated from the activities 
of the methyl and carboxyl carbons of the acetic acid. These activities were 
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divided by 0.85 to correct for the dilution of carbon which occurred on chromic 
acid oxidation. The corrected specific activities (myc per mM) were sub- 
tracted from the specific activity of the hydrazone (myc per mM) to determine 
the C™ in the ring of pungenin aglycone. Because of the variation in the 
correction factor from sample to sample (see Table IV) the figures shown for 
C* in the ring are not very accurate and a value of 7% does not necessarily 
mean any is present. The values obtained by difference are more accurate 
when most of the C™ is present in the ring. 


Measurements 

Most of the samples were converted to carbon dioxide by Van Slyke com- 
bustion (43) for measurement of C™. Some of these were analyzed by the 
method of Buchanan and Nakao (10) while others were analyzed by a sensi- 
tive ion chamber technique employing the Model 6000 Dynacon Electro- 
meter, manufactured by the Nuclear-Chicago Corporation. These methods 
are comparable in accuracy and both were capable of detecting 0.1 myc. 
Enough material was combusted to give about 0.5 mM of carbon dioxide. 
It was difficult to obtain a representative sample of the fibrous C fractions 
(Table VI) working on this small scale, so their C'* content was measured 
(without combustion) by an end-window (micromil) proportional counter 
using “infinitely thick’’ samples. All counting methods were calibrated by a 
common standard. 


Results 


The data in Tables I, I], and III summarize the results of feeding experi- 
ments with a number of C-labelled compounds. The experiments are num- 
bered chronologically and are arranged in groups which represent experi- 
ments started on the same date. 

Sodium acetate and sucrose were more efficient precursors of the glucose 
moiety of pungenin than of the aglycone, but shikimic acid and most of the 
aromatic compounds were used more effectively as precursors of the aglycone. 
This can be seen by comparing the specific activities of pungenin glucose and 
pungenin aglycone. 

The labelled compounds showed considerable variation in their efficiency 
as precursors of 3,4-dihydroxyacetophenone. This is shown in the last two 
columns of these tables. The method of calculating these figures is explained 
in the footnote to Table I. The percentage conversion is simply the total 
C' found in pungenin aglycone expressed as per cent of C' absorbed by the 
twigs. The micromoles of precursor converted to this aglycone per 100 g of 
twigs was calculated by multiplying the total number of micromoles of pre- 
cursor absorbed per 100 g of twigs by the fraction of C converted to pungenin 
aglycone. This represents the actual number of micromoles converted only if 
the precursor is not diluted appreciably by a pool of the same material already 
present in the twigs or formed from unlabelled compounds during the experi- 
ment. This condition was probably met for most of the compounds fed. An 
attempt was made to measure the free phenylalanine naturally present in 
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spruce twigs and only a trace was found. However it is known that sucrose 
and shikimic acid are present in high concentrations in spruce leaves (14, 33) 
so the conversion values shown for these compounds in Tables I, II, and III 
are undoubtedly too low. The sucrose fed was probably diluted about twenty 
times by sucrose already present, while the shikimic acid was diluted about 
five times (33). The calculation of micromoles converted should be more 
accurate if based on the micromoles of these compounds present after feeding. 


TABLE I 
Biosynthesis of pungenin* 


Per 100 g fresh wt. of twigs 


myc found Precursor Precursor 
Fresh wt. per mM of absorbed mM _ converted to PAt 
Expt. ‘Labelled precursor of twigs, of 
No. administered g PG PA uM myc Pun % uM 
1 L-Phenylalanine-G-C™ 14.9 9.2 1120 670 89,200 6.2 7.80 52 
2 Phenylacetic acid} 13.8 Nil 725 71,000 3.6 0.03 0.2 
3 pL-8-Phenylhydracrylic 
acid§ 12.3 0.9 100 680 72,000 7.2 1.01 6.9 
4 DL-Mandelic acidt 10.9 Nil | 770 70,000 7.0 0.01 0.08 
5 DL-Mandelic acid§ a3..3 Nil 1.2 418 32,800 7.4 0.03 0.12 
6 Sodium acetate-1-C™4 14.8 46. 28.7 304 61,200 6.6 0.31 0.9 
7 Shikimic acid-G-C™ 13.8 Nil 22.5 710 16,100 6.7 0.93 6.6 
8 Cinnamic acid-a-C™ 13.6 t.3 404 456 41,400 6.3 6.15 28 
9 Cinnamic acid-B-C™ 10.5 Nil 820 551 51,500 4.7 7.50 41 
10 Caffeic acid-B-C™ 10.8 1.6 660 760 30,100 7.0 18.3 116 
11 p-Coumaric acid-B-C™ 13.2 1.4 178 689 21,400 8.5 7.05 48 
12 Protocatechuic acidt 12.4 0.4 s.5 725 73,500 8.1 0.06 0.4 
13 p-Hydroxybenzoic acidt 11.1 0.9 9.2 595 45,100 8.7 0.18 i 


Norte: The labelled precursor was metabolized for 24 hours. Experiments 1-2 were started October 24, 1956, 
and experiments 3-13 on October 21, 1957. 
*Abbreviations: PG, pungenin glucose; PA, pungenin aglycone = 3,4-dihydroxyacetophenone; Pun, pungenin. 
mmc per mM « of PA X mM of Pun X 100 | 


mpc “ot precuror absorbed 
% converted X uM absorbed | 


100 


tPer cent of precursor converted to PA = 


Micromoles of precursor converted to PA = 
{Labelled with in the carboxy] group. 
§Labelled with C™ in the ring and adjacent carbon. 

TABLE II 
Biosynthesis of pungenin* 


Per 100 g fresh wt. of twigs 


myc found Precursor Precursor 
Fresh wt. per mM of absorbed mM_ converted to PA 
Expt. Labelled precursor of twigs, - - of _ ~ 
No. administered g PA PA uM mpc Pun % uM 
14 p-8-Phenylhydracrylic 16.2 1.4 126 536 50,200 2.3 1.83 9.8 
acic 
15 pL-Mandelic acidt 43.7 Nil 0.56 598 49,500 0.01 0.06 
16 pL-Mandelic acid§ 12.4 Nil 0.98 717 57,100 8.0 0.01 0.07 
17 Dihydrocinnamic acid§ 14.6 Nil 116 5i4 21,200 8.5 4.65 24 
18 Cinnamic acid-a-C'% 12.5 Nil 321 551 49,800 7.3 4.70 26 
19 Cinnamic acid§ 13.7 Nil 356 512 47,400 8.5 6.38 33 
20 Sodium acetate-2-C™ 13.0 15.8 1230 90 ,000 0.19 
21 pL-Phenyllactic acid § 12.0 6.8 473 558 57,600 4.51 25 
22 p-Coumaric acid-B-C™ 16.0 1.4 89 444 14,000 7.9 5.03 22 
23 Protocatechuic acidt 413.7 1.4 5.5 535 53,000 7.8 0.08 0.43 
24 p-Hydroxybenzoic acidt 13.3 1.6 4.2 504 38,400 7.9 0.09 0.45 
29 Sucrose-G-C™4 28.1 34 9.0 150 74,500 3.3 0.040 0 
30 Shikimic acid-G-C™ 29.7 0.7 58 300 27 5.4 0a 3.3 
31 Cinnamic acid-B-C™ 26.0 1.8 387 366 62,500 5.9 3.66 13 
32 L-Phenylalanine-B-C™ 31.6 0.7 770 326 32 3.5 8.25 22 


Note: The labelled precursor —_ metabolized for 24 hours. Desseiane 14-24 were started October 28, 1957, 
and experiments 29-32 on July 21, 1958. 
*See footnotes to Table I for pent a of the abbreviations and the method of calculating the results. 
tLabelled with C™ in the carboxyl group. 
§Labelled with C™ in the ring and adjacent carbon. 
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In experiment 33 (Table III) the sucrose present in the twigs at the end of 
the experiment was 4100 uM per 100 g fresh weight, and it may have been 
higher at the start. If the micromoles converted is calculated from this figure 
it is 2.3 wM rather than 0.16. Similarly, the shikimic acid present in experi- 
ment 34 was measured and found to be 1500 uM per 100 g fresh weight. Thus 
the micromoles converted would be 5.4, rather than 1.2 as shown in Table III. 


TABLE III 


Biosynthesis of pungenin* 


Per 100 g fresh wt. of twigs 


myc found Precursor Precursor 
Fresh wt. per mM of absorbed mM __ converted to PA 
Expt. Labelled precursor of twigs, of ———— 
No. administered g PG PA uM myc Pun % uM 
33+ Sucrose-G-C™ 21.0 43.9 9.6 290 99 , 500 5.8 0.056 0.16 
34t Shikimic acid-G-C™ 22.6 0 16.1 323 29,700 6.6 0.36 2 
35 Cinnamic acid-8-C™ 25.4 Nil 759 382 §=©104,000 4.8 3.54 14 
36 L-Phenylalanine-B-C'™* 27.1 Nil 1560 302 81,000 6.3 12.1 37 
38 L-Phenylalanine-G-C™ 20.8 0.14 278 159 48 ,000 6.6 3.82 6.1 
39 L-Tyrosine-G-C™ 18.6 1.94 0.4 161 39 ,800 6.4 0.01 0.01 
40 L-Phenylalanine-8-C' 19.8 Nil 1000 394 107 ,000 8.2 7.65 30 
41 pL-DOPA-a-C™ 23.9 Nil 3.0 268 73 ,000 8.6 0.04 0.1 
42 L-Tyrosine-G-C' 25.2 Nil 0.67 103 18,900 8.5 0.03 0.03 
43 Caffeic acid-B-C™ ee Nil 170 366 14,700 8.3 9.60 35 
44 24.6 Nil 1.67 305 24,900 9.6 0.06 0.2 
45 p-HPPA-8-C« 24.2 0.12 2.60 305 24,900 7.0 0.07 0.2 
46 3-Hydroxytyramine-B-C™ 21.1 0.09 Nil 151 147,000 6.4 Nil Nil 


Norte: The labelled precursor was metabolized for 24 hours. Experiments 33-36 were started on October 15, 1958; 
experiments 38 and 39 on October 16, 1958; and experiments 40-46 on February 26, 1959. 

*Abbreviations: DOPA, 3,4-dihydroxy phenylalanine; HPLA, hydroxyphenyllactic acid; HPP: A, hydroxyphenyl- 
events — The other ‘abbrev iations and the method of calculating the results are explained in the footnotes 
to lable 

Yn this experiment the C" still in sucrose at the end of the metabolic period was 31% of the C™ absorbed. 

The C left in shikimic acid at the end of the experiment was 35% of that absorbed. 


The values for micromoles converted per unit weight in a given time are 
probably the best figures for comparing the efficiency of various precursors. 
They are minimum values since dilution by unlabelled metabolites present 
in the tissues may occur at a rate which is rapid compared with the rate of 
synthesis of pungenin aglycone. The rate of conversion (micromoles con- 
verted per hour) would probably be different if measured over metabolic 
periods of different lengths. In these experiments it was kept constant at 24 
hours. The dosage of precursor given to the twigs (micromoles absorbed per 
100 g) also probably affects the rate of conversion considerably. This effect 
has been demonstrated for the conversion of phenylalanine to quercetin in 
buckwheat shoots (44), where the micromoles converted increased markedly 
with the dosage. The same effect may be important here (compare experi- 
ments 36 and 38, Table II1). The dosage rates were kept fairly constant but 
there are variations which may be large enough to affect the comparisons. 
Seasonal variations may also be significant. 

Keeping these limitations in mind it may be concluded from the data in 
Tables I-III that caffeic acid and L-phenylalanine were the best precursors of 
3,4-dihydroxyacetophenone, of all the compounds tested, although cinnamic 
acid, p-coumaric acid, and phenyllactic acid were quite good, while phenyl- 
hydracrylic acid was fairly good. If the conversion values in experiments 7 
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and 30 are corrected for a fivefold dilution of the shikimic acid fed by that 
present in the twigs (see above) then shikimic acid is equivalent to cinnamic 
acid as a precursor of pungenin aglycone. The other compounds were not 
readily changed to 3,4-dihydroxyacetophenone, most of them showing con- 
version values less than one micromole. The extremely low conversion of all 
the phenylethanoid compounds tested (see experiments 2, 4, 5, 15, 16, and 46) 
is noteworthy, considering that pungenin aglycone belongs in this category. 

The results in Table V show that pungenin aglycone formed from cinnamic 
acid-a-C™ was labelled mainly in the methyl group. The B-labelled phenyl- 
propanoid compounds, on the other hand, all gave rise to pungenin aglycone 
labelled chiefly in the carbonyl group, and ring-labelled cinnamic acid gave 
ring-labelled aglycone. 

The results in Table VI show what happens when labelled pungenin agly- 
cone is fed to spruce twigs during the season of rapid growth. Actually in 
these experiments the new terminal growth was worked up separately from the 
remainder of the twig and the fractions recombined later. The ‘‘new’’ and 
“old” tissues were approximately equal in amount (fresh weight) and the 
new growth contained about one-third of the total C'™ in each experiment. 
Pungenin was absent from the new tissues on June 4, but on June 23 they 
contained 20-30% of the total pungenin in the twigs. 


TABLE IV 


Chromic acid oxidation of the 2,4-dinitrophenylhydrazone of synthetic 3,4- 
dihydroxyacetophenone-carbonyl-C'* 


Sample No. 
1 2 3 
mM of hydrazone oxidized 0.20 0.19 0.21 
mM of carbon dioxide per mM of hydrazone 11.6 11.8 10.9 
mM of acetic acid per mM of hydrazone 0.95 0.91 0.81 
myc per mM of hydrazone 1030 1030 1030 
myc per mM of carbon dioxide 6.0 6.3 Pe 
mmc per mM of acetic acid 915 843 879 
Specific activity of acetic acid as per cent of theory 89 82 85 
TABLE V 
Distribution of C" in 3,4-dihydroxyacetophenone isolated from pungenin 
% of total C™ found in: 
Expt. Labelled precursor Methyl Carbonyl Ring 

No. fed to twigs group group (by diff.) 

18 Cinnamic acid-a-C"™ 96 0.1 4 

27 Cinnamic acid-B-C™ 0.6 91 8 

19 Cinnamic acid-ring, 8-C“ 1 13 86 

43 Caffeic acid-B-C™ nil 105 —5 

32 L-Phenylalanine-8-C' 0.9 92 7 

40 L-Phenylalanine-8-C" 0.02 92 8 
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Analysis of the plant fractions (Table VI) showed that the compounds fed 
were largely converted to other substances. The unmetabolized precursors 
should be recovered quantitatively in the ether extracts of the A fractions. 
These extracts contained considerably less than half of the C™ retained in the 
twigs. Paper chromatography of the ether extracts followed by radioauto- 
graphy showed that several unidentified components were present, along with 
the original precursors. The A fractions also contained unidentified C™- 
labelled compounds, not extractable by ether, which made up 30-45% of the 
C™ recovered. Pungenin aglycone was converted to pungenin (Table VI). 
That is to say, a radioactive compound was formed which was not separated 
from pungenin by the isolation procedure, which showed the same mobility 
on paper in both solvents (see Experimental) and which gave C'-labelled 
3,4-dihydroxyacetophenone on hydrolysis. In comparison with cinnamic 
acid, both acetate and pungenin aglycone were poor precursors of the vanillin- 
yielding components of lignin. Acetate was far superior to the other compounds 
as a precursor of aspartic and glutamic acids. None of the compounds fed 
were converted readily to the aromatic amino acids. 

When acetate was fed, only 34% was recovered in the plant fractions 
(Table V1). This suggested a considerable loss by respiration and gas exchange. 
An experiment was conducted to check this explanation. Two twigs (April 
20, 1959) were treated with about the same amount of sodium acetate-1-C"™, 
for the same length of time and at the same temperature and light intensity 
as the experiment recorded in Table VI. However this time the twigs were 
put in a 600-ml tall form glass beaker which was sealed by a rubber stopper 
fitted with gas inlet and outlet tubes. Air was drawn through the beaker 
continuously (70 ml/minute). The exit-gas was scrubbed by a bead tower 
containing excess sodium hydroxide (2 .V) in order to trap any CQO, released 
from the twigs. After 24 hours this tower was found to contain 39% of the 
C* absorbed by the twigs while 53% was found in the twigs. Only 7-8% of the 
C™ absorbed was found in the acetic acid, reisolated by steam distillation, and 
purified by partition chromatography (31). 


Discussion 


It may be concluded that pungenin aglycone originates in spruce twigs 
from a phenylpropanoid metabolic pool which is probably identical with that 
supplying intermediates for the biosynthesis of lignin (9). The CeCe carbon 
skeleton is formed by loss of the terminal carbon of the side chain of a CeCs 
compound. This may be deduced from the results shown in Table V. The 
distribution of C™ in each sample of 3,4-dihydroxyacetophenone was as ex- 
pected from this hypothesis, bearing in mind the limitations of the degradation 
method used (see Experimental section). Furthermore the percentage con- 
versions of some phenylpropanoid compounds to pungenin aglycone seem 
higher than would be expected by a mechanism involving extensive break- 
down and rebuilding. 
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It is not possible to give the exact steps, but the biosynthesis of 3,4-dihy- 
droxyacetophenone from carbohydrate may be visualized as follows; where 
R = 3,4-dihydroxyphenyl. 

Carbohydrate L-Phenylalanine 


Shikimic acid ——> Phenylpyruvic acid ——> Phenyllactic acid 


R—CH=CH—COOH «<— p-Coumaric acid Cinnamic acid 
+ H.O 
—2H —CO, 
R—CHOH—CH:—COOH —— R—CO—CH:—COOH —-— R—CO—CH; 


This is the route already proposed (26) for the biosynthesis of caffeic acid 
(R—CH=CH-—-COOH). The steps shown between caffeic acid and 3,4-dihy- 
droxyacetophenone (R—CO—CH,;) are speculative since the precursors shown 
have not been tested yet; this scheme is to be regarded as a working hypothesis. 

The scheme for biosynthesis of norepinephrine in animals (38) gives another 
example of the formation of a CsC. catechol derivative by removal of 
the terminal carbon of a CsC; compound; i.e. phenylalanine —— tyro- 
sine ——> 3,4-dihydroxyphenylalanine —— 3-hydroxytyramine —— norepine- 
phrine. Since tyrosine, 3,4-dihydroxyphenylalanine, and 3-hydroxytyramine 
were all found to be very poor precursors of pungenin aglycone (Table III), 
the biosynthesis of these 3,4-dihydroxypheny! ethane derivatives (i.e. punge- 
nin aglycone and norepinephrine) from phenylalanine must proceed by quite 
different pathways. It seems likely that deamination precedes loss of the 
terminal carbon in formation of 3,4-dihydroxyacetophenone. However, the 
conversion of tyrosine to hordenine and N-methyltyramine by barley seed- 
lings (20) indicates that CsC: compounds may be formed in plants by the 
action of amino acid decarboxylases. 

It is difficult to say when glucosylation occurs during the biosynthesis of 
pungenin. The data in Table VI support the view that it occurs after synthesis 
of the aglycone is complete, presumably by a transglucosylation reaction with 
uridine diphosphate glucose (11). It should be remembered, however, that 
phenols introduced into plant tissues often form glucosides which do not occur 
naturally (17, 27, 34, 37). The formation of pungenin from its aglycone shows 
that this may be the natural path of biosynthesis, but it is still quite possible 
that glycosylation occurs at a different stage under natural conditions. 

Previous work (33) has shown that pungenin is a major storage product 
of spruce leaves in winter, and that it decreases in concentration in spring 
when the new terminal growth is developing. This suggests that pungenin 
may be used as a substrate for respiration and perhaps also as a source of 
intermediates for the synthesis of some of the many compounds which con- 
stitute the new growth. It is possible that the aglycone would be reconverted 
to phenylpropanoid compounds, which are required for the rapid synthesis 
of lignin occurring at that time. On the other hand the aglycone might under- 
go an extensive degradation, involving ring opening, and in this event the 
formation of citric cycle intermediates might occur. 
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The experiments of Table VI were designed to distinguish between these 
possibilities. It was found that pungenin aglycone was converted to lignin 
much less readily than cinnamic acid, and also that its rate of conversion to 
aspartic and giutamic acids was quite low relative to acetate. The aglycone 
was converted mainly to pungenin and a number of unidentified compounds. 
There did not seem to be a ready reversal of the chain of reactions leading to its 
formation, or else it would have been comparable to cinnamic acid as a pre- 
cursor of lignin. Only a small fraction of the aglycone was converted to citric 
acid cycle intermediates, judging from the low C™ content of aspartic and 
glutamic acids. 

The yield of vanillin obtained by nitrobenzene oxidation of spruce wood is 
about 25%, based on Klason lignin (12, 13). The percentage conversions to 
lignin (vanillin) shown in Table VI are thus a fraction of the true conversions. 
The relatively low rate of synthesis of the vanillin-yielding component of 
lignin from acetate has been observed previously in other species (8). The poor 
conversion of cinnamic acid to phenylalanine and tyrosine and the ready 
conversion of acetate to glutamic and aspartic acids have also been observed 
in other species (3, 4, 25). The citric acid cycle appears to be an important 
pathway for the metabolism of acetate in spruce twigs judging from the ready 
conversion of acetate to carbon dioxide, glutamic acid, and aspartic acid. 
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GENE-FOR-GENE RELATIONSHIPS IN 
HOST: PARASITE SYSTEMS! 


CLAYTON PERSON? 


Abstract 


Theoretical consideration of the origin of gene-for-gene relationships led to 
the conclusion that such relationships, postulated by Flor for the Linum: Mel- 
ampsora system, should occur as a general rule in host:parasite systems. An 
ideal gene-for-gene system, with five related host and parasite loci, was designed 
to illustrate the properties inherent in gene-for-gene systems, and to illustrate 
a new method of analyzing for these properties. Analyses of published data of 
the Solanum: Phytopthora and Linum: Melampsora systems proved that gene- 
for-gene relationships are in fact operative in these systems and that Flor’s 
hypothesis—that for each specific locus in the host determining resistance and 
susceptibility there is a specific and related locus in the parasite which determines 
virulence and avirulence—is correct. Analysis of Flor’s data showed, however, 
that most of his ‘‘single-gene’’ differential varieties actually possess two or more 
genes for resistance, and that resistance genes in these varieties need not fall 
into allelic or closely linked groups. 


Introduction 


Flor, working with flax (Linum usitatissimum L.) and the rust attacking it 
(Melampsora lini Desm.), was the first to study the genetics of both members 
of a host:parasite system. His results led him to conclude that for each gene 
determining resistance in the flax there is a specific and related gene deter- 
mining virulence in the rust (3, 4, 5, 6, 7, 8). 

The genetics of resistance and susceptibility of potatoes (Solanum tuberosum 
L.) toa group of races of the late blight fungus (Phytophthora infestans (Mont.) 
Casp.) was well understood (1, 2), but genetic segregations for virulence and 
avirulence had not been studied, when Black (1) described certain races of 
the pathogen that were then unknown, and predicted that these would occur 
in the future. Black’s success in this prediction led Toxopeus (11) to suggest 
that gene-for-gene relationships of the kind envisaged by Flor are also operative 
in the Phytophthora:Solanum system. 

Specific gene-for-gene relationships may well occur as the rule rather than 
the exception in host:parasite systems. It is therefore of interest to enquire 
if specific gene-for-gene relationships may be expected to impose special 
qualities or characteristics on systems in which they occur, and if so, to attempt 
to develop methods for revealing them. 


I. Origin of Gene-for-Gene Relationships 


In considering the origin of gene-for-gene relationships an attempt must 
be made to discover at least the main mechanisms that contribute to the 
evolution of host:parasite systems. It is reasonable to suppose that natural 
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selection will favor those host mutations that place the parasite at a repro- 
ductive disadvantage, relative to the host, and that it will also favor those 
mutations in the parasite that restore or increase its reproductive capacities, 
relative to those of the host. This supposition implies that mutations that 
confer an advantage on the host confer a disadvantage on the parasite, and 
vice versa. If this is true, it is clear that a mutation that restricts growth 
and reproduction of the parasite can be favored by natural selection only if it 
occurs in the host; such mutations may very well occur in the parasite also, 
but since they confer no selective advantage to it, they will not persist. On 
the other hand, a mutation that enhances growth and reproduction in the 
parasite can be favored by selection pressure only if it occurs in the parasite; 
and though such mutations may also occur in the host they will confer no 
selective advantage to it, and will not persist. There are thus two main muta- 
tional events—mutations to resistance in the host, and mutations to virulence 
in the parasite—that have positive value in the evolution of host: parasite 
systems. Host mutations to susceptibility and parasite mutations to avirulence 
are here considered to be of little or no importance. 

Mutations to resistance can confer a selective advantage only in host 
populations in which the parasite prevails. The frequency of such genes in 
any host population will continue to increase so long as part of the population 
remains susceptible; the end point, if it is reached, will result in a completely 
resistant population, a situation that is obviously inimical to the survival of 
the parasite. On the other hand, if genes for virulence spread throughout 
the entire parasitic population, evolution in the parasite will then lead to 
a condition of optimal virulence—the point beyond which any advantage 
to the parasite in increasing its virulence is more than offset by the attending 
disadvantages to the host, on which it depends. In such a situation the 
evolutionary initiative must be taken by the host, for it is not until a mutation 
to resistance in the host has occurred that a new mutation to virulence in the 
parasite has any selective value. Since genes for resistance have value only 
in a susceptible population, the general rule emerges that of the two main 
evolutionary events that occur in host: parasite systems, the increase in fre- 
quencies of host genes for resistance occurs first, and is followed by an increase 
in the frequencies of those genes for virulence that overcome their effects. 

There is no reason to suppose that in any infected host population the 
mutation to host resistance can occur at one and only one locus; but having 
occurred at one locus the mutant gene, if it is effective, will spread throughout 
the host population. Spread of the resistance gene throughout the host 
population will have two effects: selection pressure will be removed at other 
loci in the host that are capable of supplying resistance genes, and selection 
pressure will be imposed at all loci in the parasite capable of supplying an 
effective gene for virulence. 

Considering the parasite, there is no reason to suppose that a mutation to 
virulence is limited to any specific locus, but when at any locus an effective 
gene for virulence does appear, its action will be related to the specific gene 
in the host whose effect is now overcome. A gene-for-gene relationship has 
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thus come into being. Spread of the new gene for virulence throughout the 
parasite population will have the effect, first, of removing selection pressure 
at other loci in the parasite capable of supplying genes for virulence, and second, 
of neutralizing the advantange to the host of possessing the related gene for 
resistance. At the point where all, or nearly all, members of the parasite 
population possess the new gene for virulence, selection pressure in favor 
of the related but ineffectual resistance gene will have disappeared; but the 
original situation, favoring the spread of any gene capable of conferring 
resistance on the host, will have been reconstituted. From this point of view, 
a dynamic system of gene-for-gene interactions is to be expected in host: 
parasite systems. 

According to this point of view, an individual in the host population is 
subject to attack only by those parasites that possess genes for virulence 
that are related to and overcome the action of each gene for resistance that the 
host individual possesses. It is in this sense that, later in this paper, the uni- 
versal suscept is referred to as the host with no gene for resistance. The one 
race of the pathogen that attacks only the universal suscept is similarly 
referred to as the ‘‘avirulent’”’ race. 

Mutant genes that modify the effects of existing genes are also to be expected 
in host:parasite systems. [In such cases the effects of more than one gene in 
one member will be related to a specific gene in the other member of the system. 
Occasional occurrences of independent mutations at two loci, in response to a 
single mutational event at the other side of the host:parasite system, are 
considered in a later section. 

The important feature that emerges, when evolutionary changes within 
host :parasite systems are considered, is that gene-for-gene relationships are 
to be expected as a general rule and not as an isolated event. If it can be 
demonstrated that specific gene-for-gene relationships will impose specific 
and inherent properties on those systems in which they are expected to occur, 
the validity of this conclusion can be tested. 


II. An Ideal Gene-for-Gene System 


In constructing an ideal system based on specific gene-for-gene interactions 
it is simplest to assume that for each participating locus only two phenotypes 
are possible; that is, that dominance is complete. Each host locus, then, 
governs either a resistant or a susceptible reaction to the related locus in the 
parasite, and each locus in the parasite governs either a virulent or an aviru- 
lent reaction toward the related locus in the host. Where 7 is the number of 
loci participating in the system the total number of phenotypes expressible, 
either in the host or in the parasite population, is 2”. (Host phenotypes will 
be referred to as varieties, pathogen phenotypes as races.) The members of 
each population can be classified according to the number of loci at which 
either of the contrasting characters is expressed, and the frequencies of pheno- 
types in each category will follow the integral values of the expansion 
(x+y)". This is illustrated in Table I, where the host varieties are listed from 
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TABLE I 


System of host: parasite interactions with gene-for-gene relationships at five pairs of loci 


Host variety 

ge Ae AAAA AAAAAA AAAA_ A % 
g $3 B BBB BBB BBB BBB BB g¢ *¥ 
D DD DDD DDD D 3% 
E E E EE E EE EEE EEEE E 5 268 
= os 
Virulence - 
expressed at: 2? 
P1 st 42 
b s s a 
P4 c s s = 
Ps d s s 
P6 e s s 2.4 
PT at s 4 2 
re 2 s 42 
PS « d s s 4 2 
P10 a e a s s 42 
Pil be s ss s 42 
P12 b ad s e « s 4 2 
P13 e s s s s 4 2 
P14 cd s ss s 42 
P15 s s 4 2 
P16 de s ss s 4 2 
P17 abe ¢ s s s 8 3 
P18 ab s s s 8 3 
P19 ab e s s s s s s 8 3 
s s ss ss s s 8 3 
P22 a de s 8 $s ss s s 8 3 
P23 cd s sss $s s s 8 3 
P24 Sec s ss s s 8 3 
P25 b de s a ss s s 8 3 
P26 cde s sss sss Ss 8 3 
P27 abcd s ssss s@6 s8¢ 6 ss s s s 16 4 
P29 ab de 259 82 s ss s s Ss 16 4 
PSO cde & 883 sss sss sss s s 16 4 
P31 becde s ssss ssssss ssss s 16 4 
P32 abcde 5 8238488 8 32 


No. of attacking 
races 32 1616161616 8888888888 4444444444 22222 1 


No. of loci at 
which resistance 


*A to E designate those of the five host loci at which resistance is expressed; unlabelled loci express susceptibility. 
ta - e designate those of the five (related) pathogen loci at which virulence is expressed; unlabelled loci express 
avirulence. 


ts designates those host: parasite combinations that result in a susceptible reaction; unlabelled combinations 
all result in a resistant reaction. , 


left to right in an increasing series according to the number of genes for resis- 
tance which they possess, and where the pathogen races are listed from top 
to bottom in an increasing series according to the number of genes for virulence 
which they possess. In this scheme the number of participating loci has been 
arbitrarily set at five. There are 32 phenotypes expressible in each population, 
and these form a 1:5:10:10:5:1 series when grouped in increasing series 
according to the numbers of loci at which the characters are expressed. It 
may be noted that resistance is represented as being expressed as a dominant, 
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and virulence as a recessive, characteristic; this follows the rule as it is found 
in the flax—-rust system, but it is of course unnecessary to make this assump- 
tion in constructing an ideal system. 

The main part of Table I shows the pattern of interaction obtainable if 
every host variety were tested against every race of the parasite. Each ‘“S” 
represents a susceptible reaction; resistant reactions are left blank. Variety 
H1, which is the “universal suscept’’, possesses no gene for resistance that is 
not overcome by related genes for virulence in every race of the pathogen; 
this variety is therefore attacked by all races, regardless of the number of 
additional genes for virulence they possess. Race P1, which is limited to 
variety H1, can attack no variety with additional genes for resistance, and 
possesses no additional gene for virulence. Other races with one or more genes 
for virulence can attack all varieties excepting those whose genes for resistance 
are not overcome by related genes for virulence in the race. 

It is seen that it is only those genes for resistance that are not overcome by 
related genes for virulence, present in all members of the parasite population, 
that are of any value to the host; it is only with these, and with the related 
genes for virulence, that the present study is concerned. 


III. Characteristics of the Gene-for-Gene System 


In this section, the pattern formed as a result of the gene-for-gene inter- 
actions (Table I) is examined with a view to revealing the properties char- 
acteristic of it; the genotypes of the members of the interacting populations 
are ignored. The pattern formed when the susceptible reactions are entered 
is symmetrical across the diagonal leading from the lower left to the upper 
right corner. Although this is so only because the same sequence was followed 
in listing the phenotypes of the host and the pathogen, it illustrates effectively 
that in gene-for-gene systems any general rule that may be found to apply 
to the host varieties, relative to the races that attack them, will also be found 
to apply, in reverse, to the races of the pathogen, relative to the varieties they 
can attack. 

There is one host variety, H1 (the ‘‘universal suscept’’), that is susceptible 
to all races, and one variety, H32, that is susceptible to only one race of the 
pathogen. Similarly, there is one race, P32, virulent to all varieties, and 
one race, P1, virulent to only one variety. It isa characteristic that the variety 
attacked by the race which attacks one, and only one, variety, is the universal 
suscept. It is also a characteristic of the system that, for the variety that is 
attacked by one race only, the attacking race is the one with universal viru- 
lence. 

{n Table I it is shown that the host varieties fall into groups, according to 
the number of races that attack them, and that the groups form a geometric 
series (32-16-8-4-2-1), according to the numbers of races concerned. The 
races of the pathogen fall into a similar series, according to the numbers of 
varieties they can attack. Also, the numbers of races or varieties within the 
various groups follow the integral values of the expansion (x+y)", where 
is one less than the total number of groups. 
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The host group (H2 to H6, inclusive) wherein each variety is attacked by 
half the total number of races is also the group that is attacked by those races 
capable of attacking only two varieties (i.e., races P2 to P6 inclusive). This 
is also the only host group that is capable of completely differentiating all 
races of the pathogen. The race group (P27 to P31 inclusive) wherein each race 
can attack half the total number of varieties is also the group that attacks 
those varieties that are susceptible to only two races (varieties H27 to H31 
inclusive). This group of races is the only group capable of differentiating all 
varieties of the host population. 

For any pair of varieties within a group, the satin of races attacking 
both, in proportion to the number of races attacking either, is 1/2, 1/4, 1/8, 
or some other value in this series. For example, varieties H2 and H3, each 
attacked by 16 races, are both attacked by eight races. Varieties H7 and 
H16, each attacked by eight races, are both attacked by two races. In 
such cases, a third variety can be found whose reactions match those of the 
pair. Variety H7 is susceptible to the eight races, and only to those, that 
can attack both H2 and H3. Variety H29 is susceptible only to the two races 
that can attack both H7 and H16. 


TABLE II 


Examples of the geometric rule (a, b, c) and the geometric series (d), taken from Table I 


Host variety 


H2 H16 Hi H6 Hi2 H22 H19 Hi3 H1i0 H7 H6 H3 H2 H19 H7 H2 Hi 
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race (a) (b) (c) (d) 
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For a pair of varieties not from one group, that is for any pair taken at 
random, this “geometric rule’’ also applies; this is illustrated in Table I]. 
Variety H2 is attacked by 16 races, H16 by eight races, both by four races 
(Table II, a). Both are thus attacked by 1/4 the total number attacking 
H2, and by 1/2 the total number attacking H16. The geometric rule also 
applies when varieties are taken in groups of three or more. Variety H1 is 
attacked by 32 races, H6 by 16, H12 by eight, and H22 by four races. There 
are two races (P29 and P32) that can attack all four varieties, which is 1/2, 
1/4, 1/8, and 1/16 the total that can attack varieties H22, H12, H6, and H1, 
respectively (Table II, 8). 

As a special case of the geometric rule there are situations in which all the 
races attacking one variety are also capable of attacking another. All races 
that attack variety H19, for example, can also attack varieties H13, H10, H7, 
H6, H3, and H2 (Table II, c). These can also be arranged in a series, such 
that all races attacking the first member of the series can attack all succeeding 
members, all those attacking the second member can attack all succeeding 
members of the series, and so forth. As an example, the four races that attack 
variety H19 also attack varieties H7, H2, and H1; the eight races that attack 
H7 can also attack H2 and H1; the 16 races that can attack H2 can also attack 
H1 (Table II, d). Again it will be noticed that the numbers of races concerned, 
in this case 4, 8, and 16, form a geometric progression. In later sections, a 
series such as this will be referred to as a ‘‘geometric”’ series. 

These, then, are the main characteristics revealed by the host:parasite 
interactions in a gene-for-gene system. We will next consider how the recog- 
nition and interpretation of such characteristics can lead to an understanding 
of the genetics of the participants in any such ideal system. 


IV. Method of Analysis of Gene-for-Gene Systems 


The problem of analyzing for gene-for-gene relationships in other systems 
will consist, first, in discovering characteristics of the sort described in the 
preceding section—the geometric rule and geometric series—and second, 
in interpreting those characteristics that are discovered. In this section the 
characteristics of the ideal gene-for-gene system are examined to see what they 
reveal of the genetics of the host and of the pathogen. It is, of course, because 
specific gene-for-gene relationships were assumed, in setting up the ideal system, 
that the host and pathogen phenotypes integrate as they do, with each popu- 
lation revealing the full genetic capacities of the other. 

In this or any other gene-for-gene system there will be no difficulty in recog- 
nizing the universally susceptible host, which possesses no gene for resistance, 
or the race of universal virulence, which possesses all the genes for pathogeni- 
city. The race with no gene for pathogenicity, that can attack only the uni- 
versal suscept, as well as the variety with all genes for resistance, that is 
attacked only by the race with universal virulence, will also be recognized 
at a glance. 
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The races capable of attacking only two varieties can be used to identify 
the host varieties that possess only one gene for resistance. The number of 
such single-gene varieties (and related races) that can be so identified also 
affords an estimate of m, the total number of loci concerned in the system. 
The varieties that are attacked by only two races can be used to identify the 
races that each lack a single gene for virulence, and again the number of such 
races (and related varieties) may be used for estimating the number of loci 
concerned in the system. The total number of races or varieties in a system, 
being 2", can also be used for estimating the number of loci concerned. These 
are the first steps in analyzing for gene-for-gene relationships in a host :parasite 
system. 

Where the varieties can be grouped, according to the number of races 
that attack them, and arranged in a descending geometric series, it will be 
known that one additional gene for resistance is possessed by the members 
of each succeeding group in the series. For races of the pathogen that have 
been grouped, and the groups arranged in an ascending series, it will be known 
that one additional gene for virulence is possessed by the members of each 
succeeding group. In this, and in the illustrations which follow, it will be 
seen that the data on host:parasite interactions in gene-for-gene systems 
may be used to support conclusions of the sort that normally derive from 
genetic study. 

The geometric rule meets with specific application when varieties (or races) 
are compared in groups of two or more. In the example chosen earlier, varieties 
H2 and H3 were each attacked by 16 races; both were attacked by eight 
races. Since the number of races capable of attacking H3 as well as H2 is 
just one-half the total number capable of attacking H2 alone, then, according 
to the geometric rule, one additional locus for virulence must be required of 
those races that attack H3 as well as H2. Similarly, those races attacking 
H3 need virulence at one additional locus if they are to attack H2 as well as 
H3. We have thus revealed two loci for resistance, one expressed in H2, the 
other in H3. In the process we have separated the races of the pathogen into 
three groups, those with virulence genes at the single locus related to the 
resistance gene possessed by H2, those with virulence genes at the single locus 
related to the resistance gene possessed by H3, and those with virulence 
genes at the two related loci. A reference to Table I will illustrate this: the 
two varieties express resistance at single loci, H2 at the A-locus, H3 at the 
B-locus. The races capable of attacking variety H2 all possess virulence at 
the related locus a, and are of genotype aa, since virulence is here taken to be 
a recessive characteristic. When we now select those races that can attack 
variety H3 in addition to variety H2, we are in effect selecting from the aa 
races those that also possess virulence at one additional locus, namely 6, 
and are of genotype aabb. In the second example chosen earlier, varieties H7 
and H16 were each attacked by eight races; both were attacked by two 
races. Since in this case the number of races attacking both H7 and H16 is 
1/4 the number attacking either, we know, according to the geometric rule, 
that genes for virulence are required at two additional loci in those races that 
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can attack H16 as well as H7 (or H7 as well as H16). We thus reveal the 
existence of four loci, two in H16 and two in H7, and have separated the races 
of the pathogen into three groups, one group with virulence at two loci, one 
group with virulence at two other, and different loci, and a third group with 
virulence at all four loci. In both these examples, the discovery of a third vari- 
ety whose reactions are identical with the other two, when taken as a pair or a 
unit, will lead to the conclusion that the third variety possesses genes for 
resistance at all the loci concerned. In the second example, where variety 
H29 is attacked only by the races that attack both H7 and H16, we would 
conclude that H29 possesses the two genes for resistance possessed by H7, as 
well as the two genes for resistance possessed by H16. 

For any pair of varieties taken at random, the same analytical rule will 
apply. In the example chosen earlier (a, Table Il), variety H2 was attacked 
by 16 races, variety H16 by eight races, and both H2 and H16 by four races. 
Both were thus attacked by 1/4 the total number attacking H2, and by 1/2 the 
total number attacking H16. From this situation we would know that variety 
H16 possesses resistance genes at two loci for which H2 possesses none, and 
that H2 possesses resistance genes at one locus for which H16 possesses none. 
We would conclude that the races attacking H2 have virulence genes at the 
single locus (a) related to the resistance locus in H2 (locus A), and that those 
attacking H16 have virulence genes at the two loci (d and e) related to the 
resistance loci in H16 (loci D and £). The finding of a third variety (H22 
in this case) that is susceptible to those races, and only to those, capable of 
attacking both H2 and H16 will also establish the genotype of variety H22 with 
respect to these three loci; it has genes for resistance at all three loci (.1, D, 
and £). 

Coming finally to varieties that can be arranged in a geometric series, such 
that all races attacking the first member of the series can attack the second and 
all succeeding members of the series, and so forth, it will be obvious that 
additional genes for virulence are not needed in order that the succeeding 
members of the series be attacked. Each variety in the series will possess all 
the resistance genes possessed by the succeeding variety, plus an additional 
one, if it is attacked bv 1/2 the total number of races that attack the 
succeeding variety, or plus two if the ratio is 1/4, and so forth. In a previous 
example (Table II, d) we placed varieties H19, H7, H2, and H1 ina geometric 
series; they were susceptible to 4, 8, 16, and 32 races, respectively; we see that 
they also possess resistance genes ABE, AB, A, and none, respectively. The 
attacking races can be similarly grouped, according to whether they possess 
virulence genes aabbee, aabb, or aa, respectively. 

It will be appreciated that, for any gene-for-gene system, the number of 
ways in which comparisons may be made is relatively large. In our system, 
where the number of participating loci, , is five, there are 2°-2°-'/1-2 or 
496 analyses that may be carried out, using pairs of varieties or of races. 
There are also 5! or 120 complete series that may be looked for and analyzed. 
With each unit increase in the complexity of the system there is a dramatic 
increase in the total number of such analyses that may be carried out. 


. 
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V. Exceptions 


Thus far the analysis has been concerned with systems in which gene action 
at one locus in the pathogen is related to that at one specific and related 
locus in the host. Exceptions to this general rule (cf. Section I), in which the 
actions of genes at two different loci in one member of the system are function- 
ally related to gene action at one locus in the other member of the system, 
will include those cases in which gene action at either of the two different loci 
is effective in interactions with the single related locus, as with duplicate 
genes for resistance or for pathogenicity, and those cases in which gene action 
at either of the two different loci is ineffective, but where genotypic require- 
ments must be satisfied at both loci in order to interact effectively with the 
single related locus, as with complementary genes for resistance or for patho- 
genicity. In either case there are functional gene-for-gene relationships 
between specific loci of the host and parasite, even though there is not strict 
numerical equivalence between the numbers of loci concerned. As is illustrated 
in Table III such ‘‘two-for-one’’ relationships have no effect on the ideal 
pattern of host:parasite interactions. Table III (@) shows the interactions 
obtainable in an ideal system with two loci; only four races and four varieties 
are distinguishable. In Table III (8) one of the loci for virulence, locus 6, is 
replaced by two separate loci, 6; and 2, each of which is considered to duplicate 
the action of the original single locus. Eight genotypes of the pathogen are 
now possible, but, as Table III (6) shows, only four phenotypes are recogniz- 
able on the four varieties. In Table III (c) it is considered that neither gene 
6, nor db, can overcome the resistance conferred by the related gene B in the 
host, that both 6; and & must be present. Again, only four phenotypes are 
distinguishable on the four host varieties. In either case, the four phenotypes 
that can be distinguished are identical with those of the ideal system of Table 
III (a). In the same way, if two different loci in the host were considered to 


TABLE III 


An ideal pattern of host: parasite interactions with gene-for-gene relationships at two 
pairs of loci (a); and the effect of duplicate (b) and complementary (c) genes 
on the ideal pattern 


(a) (b) (c) 
Host variety Host variety Host variety 

Hi H2 H3 Hé4 Hi H2 H3 H4 Hi H2 H3 H4 

c 

Se Res* A A Res.* A A A A 

£3 B B B B B 8B 

a Virt Vir.t Race Race 

Pi Ss Pt Pi 
P2 a s a s P2 $s P2 
P3 b Ss Ss P3 Ss Pi 
be Ss Ss P3 Ss Pi 

a bh S$ s P2 
bbe Ss P3 Ss Ss P3 
ah bs $s § § P4 


*Loci at which genes for resistance are expressed. 
tLoci at which genes for virulence are expressed. 
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interact with a single locus in the parasite, either as duplicates or as comple- 
mentaries, the eight host genotypes would then give only four reactions when 
tested against the four races of the pathogen, and these reactions would be 
identical with those of the ideal two-gene system of Table III (a). Though 
duplicate and complementary genes are exceptions to the general rule of 
strict one-for-one relationships, their presence within a host:parasite system 
will have no effect on the total pattern of interactions. It thus follows that the 
analytical methods developed for ideal systems with one-for-one relationships 
are also valid for systems with two-for-one relationships. Conclusions based 
on these methods must be subject to the reservation that the unit of inter- 
action that is revealed may consist of duplicate or complementary genes 
although, if the considerations of Section I are valid, the unit of interaction will 
be, as a general rule, a single locus. Two-for-one relationships, involving 
duplicate or complementary loci in one member of the system, can be resolved 
by the usual methods of genetics; some of the difficulties to be encountered 
in resolving them will be treated below. 


VI. Application of the Method 


Success in analyzing for gene-for-gene relationships in any host:parasite 
system will depend on whether the data available are representative of the 
system asa whole. Since it has been the practice in most complex systems that 
have been analyzed (e.g. the rusts) to differentiate the maximum number of 
races with the least number of varieties, the data in most cases will be incom- 
plete. Where the data are incomplete, certain of the characteristics may 
be expressed imperfectly or not at all. 

Two host :parasite systems have been chosen for illustrating the application 
of the analytical method. With the first of these, the Solanum: Phytopthora 
system, the number of interacting loci is small, and the information on host: 
parasite interactions is complete; with the second, the Linum:Melampsora 
system, the number of interacting loci is relatively large, and the information 
on host:parasite interactions is incomplete. 


The Solanum:Phytopthora System 

Extensive studies on the genetics of host resistance to late blight have been 
carried out in Great Britain by Black (1, 2), in Holland by Mastenbroek (2, 9), 
and in the United States by Peterson and Mills (2). The results of these 
studies will serve as a check on the applicability of the present method of 
analysis. The Solanum:Phytopthora system is of special interest for it was 
here that Black, on the basis of genetic work, and on the basis of the observed 
changes in cultures of the pathogen when they were placed on host plants 
that possessed new combinations of resistance genes, described and predicted 
the occurrence of new races of the pathogen that were at that time unknown 
(1). The rules for analysis of gene-for-gene systems are applied below to some 
of the earlier data, to show that conclusions and predictions similar to those of 
Black can be extracted simply from the data on host:parasite interactions, 
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TABLE IV 


“Spectra of races N1, N2, N3, N4, N5, and N6 and test series” (taken from 
Mastenbroek (9) Table 5; (—) = susceptible and (+) = resistant) 


Group N1 N2 N3 N4 NS N6 
I = = = 


without knowledge of the genetics of host resistance, or of the nature of the 
responses of the pathogen when it is subjected to new conditions of selection 
pressure. 

The data chosen in order to illustrate the analytical method are given in 
Table IV. This is a reproduction of Mastenbroek’s Table 5 (9), and shows the 
interactions between the six races of the pathogen and the six host groups 
(phenotypes, or varieties in our terminology) that were recognizable in 1947. 
We look for, and find, the universal suscept; this is variety I. There are, 
however, two races that attack but one variety, (races N1 and N3), where 
only one was expected according to the ideal system. Both attack variety I, 
the universal suscept, as would be necessary in a gene-for-gene system. The 
remaining races fall into two groups, those that attack two varieties (N2, 
N4, and N5) and those that attack four varieties (N6 only); this is in accord 
with the geometric rule. The race (N6) that attacks the greatest number of 
varieties cannot be the race of universal virulence since it does not attack 
variety II or variety V1; if this is a gene-for-gene system, the race of universal 
virulence has yet to be found. The individual varieties are susceptible to either 
zero, one, two, or six races. This grouping does not follow the geometric rule 
point-for-point as did the grouping of the races, yet the variety (V) that is 
susceptible to a single race is susceptible to the one race of the parasitic 
population that clearly attacks the greatest number of varieties (race N6). 
The data are insufficient to show other characteristics that may be looked for, 
yet the characteristics that are revealed are quite in accord with expectation. 
In determining the number of loci concerned in this system, we see that there 
are three races (N2, N4, and N5) that attack two, and only two, varieties. 
This would set 2 at three, and permit eight phenotypes in both the host and 
parasite populations. The host :parasite interactions for an ideal system involv- 
ing three loci are shown in Table V (a); the eight possible host phenotypes 
are numbered H1 to H8, and the phenotypes of the pathogen are numbered 
P1 to P8. We will now see if Mastenbroek’s data conform to this pattern. 
Mastenbroek’s variety I, the universal suscept, corresponds to variety H1 
of Table V (a). Races N1 and N3, which on Mastenbroek’s host groups are 
identical, correspond to race P1 of Table V (a), since they attack variety I 
and no other variety. Races N2, N4, and N5, each attacking two of Masten- 
broek’s host groups, correspond to races P2, P3, and P4 of Table V (a); they 
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TABLE V 


Host: parasite interactions of a gene-for-gene system involving three loci (a), and 
classification of the races and varieties (b) of Mastenbroek (9) 


(a) (b) 
Ideal varieties Mastenbroek’s varieties 
Masten- 
Ideal broek’s 
races Hi H2 H3 H4 H5 H6 H7 H8 - races I I Wl Iv V 
| N1, N3 
F2 s N2 S 
P3 S N4 
P4 NS S 
P6 S S S 


may be entered in these positions in any arrangement, but once entered, the 
positions of the related varieties II, III, and IV are fixed, as are the positions 
of all races and varieties entered subsequently. If N2, N4, and N5 are placed 
in positions corresponding to P2, P3, and P4, respectively, then the single 
related varieties II, I11, and IV that these races attack must be placed in 
positions corresponding to those of the related varieties H2, H3, and H4, 
respectively, as has been done in Table V (6). We now find that Mastenbroek's 
race N6, because it attacks varieties III and IV but not II, can be entered 
only in the position corresponding to race P7 of Table V (a), since this is the 
only race of the ideal system that attacks H3 and H4 but not H2. Placing N6 
in this position now fixes the position of variety V: race P7 attacks variety H7 
in addition to varieties H3 and H4, therefore variety V, which along with III 
and IV is attacked by Mastenbroek’s race N6, must correspond with variety 
H7 of Table V (a). On the basis of the information available, Mastenbroek’s 
variety VI, which is not attacked by any of races N1 to N6, could be placed, 
tentatively, in any of the positions corresponding to H5, H6, or H8 of the 
ideal system. The races and varieties of Mastenbroek’s 1947 data can there- 
fore be accommodated, without exception, into a system which, according 
to the analysis, involves gene-for-gene relationships at three loci. 

Subject to the reservations outlined in the preceding section it can be con- 
cluded, from the positions they occupy in the ideal system of Table V (a): 
(i) that Mastenbroek’s variety I possesses no gene for resistance to any of 
races N1 to N6; (ii) that genes for resistance are expressed at different single 
loci in each of varieties II], II], and IV, and that these are overcome by genes 
for virulence at single related loci in each of races N2, N4, and N5; (iii) that 
resistance is expressed at two loci in variety V, one of which is identical with 
that of variety III, the other with that of variety IV, and that this resistance 
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is overcome by genes for virulence at two related loci in race N6, one of which 
is identical with that of race N4, the other with that of race N5. Host varieties 
corresponding to H5, H6, and H8 (one of which is Mastenbroek’s variety VI), 
and their related races P5, P6, and P8, can also be predicted on the basis of 
this analysis of Mastenbroek’s 1947 data. 

In his data for 1948 ((9), Table 7), Mastenbroek dropped race N3, which is 
indistinguishable from N1, from the race group. He also recorded a new race, 
N7, which attacked varieties I] and III but not IV. Race N7 therefore corre- 
sponds to race P5 of Table V (a), and is one of those predicted on the basis of 
the analysis. The new race, N7, attacked variety VI, in addition to II and III; 
variety VI therefore corresponds to variety H5 of Table V (a), and the two 
loci at which it expresses resistance correspond to the single loci at which 
resistance is expressed in varieties II and III. Mastenbroek also recorded, in 
the data for 1948, a new variety, VII, resistant to all races (N1 to N7 inclusive), 
which could correspond to either of varieties H6 or H8 of Table V (a). In his 
data for 1949-50 ((9), Table 10) Mastenbroek recorded another new race, 
N8, that attacked varieties I1, I11, and IV and, as expected from our analysis, 
V, VI, and VII also; this race thus possessed genes for virulence at all three 
loci of our ideal system. But the 1949-50 data also recorded a new variety, 
VIII, that was resistant to race N8; this variety thus possessed genes for resis- 
tance not only at the three loci of our ideal system but also at a new locus, a 
fourth locus for which race N8 did not possess related genes for virulence. 
Had we chosen these data, or the data for the following year, 1951 ((9), Table 
11), for beginning our analysis, we should then have been forced to assume 
four loci at the outset, since of the eight races then recognized, none was of 
universal virulence. Recognition of a fourth locus acting in the Solanum: 
Phytopthora system at this time would then have led to a description of six- 
teen varieties and their sixteen related races, of which approximately half 
were yet to be found. 

In work that has been carried out since 1951, all the races and varieties 
predictable on the basis of this analytical method have been found. More- 
over, genetic studies have shown that, in accordance with the general expect- 
ations outlined in Section I, host resistance is expressed at four different 
single loci; no evidence of two-for-one relationships has been revealed. But 
as genetic studies of the parasite have not been carried out, the possibility of 
relationships between two loci for virulence and a single locus for resistance 
has not been excluded. Since the predictions have all been fulfilled, and since 
all available genetic data are in accord with our conclusions, it is clear that 
our analytical method is valid, at least for gene-for-gene systems in which 
n, the number of participating loci, is small. 

Certain of the events which in Section I are considered important in the 
origin of gene-for-gene relationships are also illustrated by the Solanum: 
Phytophthora system. Black (1) found that ‘‘new strains may be produced by 
repeated passage of a culture through a variety that is resistant to it’’, and 
states: “‘It is the selective influence of the host that determines which strain 
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shall prevail, and consequently the pathogenicity of a new strain is pre- 
determined by the host genotype’’. It was this predictability in the response 
of the pathogen to new selection pressure together with a foreknowledge 
of the kind of selection pressure that would be imposed that enabled Black 
correctly to forecast the six host genotypes, and the six related pathogen races, 
that were yet to appear in the Solanum:Phytophthora system. The complete 
pattern of host:parasite interactions for the Solanum:Phytophthora system, 
shown in Table I of Black’s paper (1), is identical with that expected of an 
ideal gene-for-gene system in which , the number of interacting loci, is equal 
to four. Toxopeus (11) has suggested that gene-for-gene relationships are 
operative in the Solanum:Phytophthora system. Success in the analysis carried 
out here also points to this as a logical conclusion. 


The Linum: Melampsora System 

In the Linum: Melampsora system Flor distinguishes, on the basis of their 
interactions with 18 differential hosts, 179 races of the pathogen (6). This 
system is obviously more complex than the Solanum:Phytophthora system 
and, since only 18 of the many possible host phenotypes are present, the data on 
host :parasite interactions are incomplete. As was shown in Section III, where 
n is the number of loci acting within a host:parasite system, the minimum 
number of varieties capable of differentiating all races of the parasite population 
is also n, and this comprises all the single-gene varieties of the system. Other 
varieties that express resistance at two or more loci are less efficient as differ- 
entials. Therefore, before attempting to analyze a system such as this, where 
only a few of the many possible host phenotypes are present, it is necessary 
to determine the effect of the absence of a single-gene differential, and of its 
replacement by a less efficient differential, on the observed pattern of host: 
parasite interactions. 

Table VI (a) shows the interactions between the 32 races and the five 
single-gene varieties of our ideal system (cf. Table I); there are 16 races whose 
identity would be lost if variety H6 were absent, and the 16 phenotypes that 
can be differentiated on the remaining four differentials are genotypically 
mixed. (If the fifth host gene, E, is not introduced, only those interactions 
characteristic of a 4-gene system can be recorded, and neither by this nor by 
any other method of analysis can the existence of the related gene in the para- 
site population be revealed.) In Table VI (8) the fifth host gene is present, 
not singly but in combination with other genes of the system. With variety 
H10 (genotype £) used in conjunction with the four single-gene differentials, 
H2, H3, H4, and H5, 24 races of the pathogen are now recognizable; with 
variety H13 (genotype BE) added, in place of H10, the number of recognizable 
races also increases from 16 to 24; and with both Hi0 and H13 used as differ- 
entials, in addition to varieties H2, H3, H4, and H5, 28 races are recognizable. 
With further addition of two- or three-gene differentials, the number of recog- 
nizable races, though greater, will still fall short of 32, the total possible 
number, since one race at least (race P6 of Table VI) is only recognizable 
when the related single-gene differential (variety H6) is used. The use of 


1116 CANADIAN JOURNAL OF BOTANY. VOL. 37, 1959 


TABLE VI 


Effect on host: parasite interactions of the complete absence of a single-gene differential, or 
of its gene in other differential varieties (a), and the effect on host: parasite 
interactions when the gene is present, in combination with other 
genes, in added differentials (0) 


(a) (b) 


Variety Variety 
Hi H2 H3 H4 HS H6 ov Hi H2 H3 H4H5 H10 H13 
A A 
B B Other race 
BES c BES Cc included, 
D gx D using: 
me E Other & H10 
Virulence race and 
Race expressed at: included Race Hi0 Hi3 H13 
Pi s* P 6 4 Pé6 PS 
P2 a s P10 P2 s Ss — — 
P3 b Ss Ss P13 P 3 Ss Ss — 
P4 c Ss Ss P15 P4 Ss Ss PiS P1iS P15 
Ps d Ss Ss P16 Ps Ss P16 P16 P16 
P6 e s st P 6 s 
P8 a c s Ss P21 P8 $ Ss — P2— 
P9 a d s s Ss P22 P9 ss Ss — P22 — 
P10 a e ¢ s P10 s Ss 
Pil Ss $ P24 Pil Ss s P24 
P12 b d Ss P25 P12 Ss Ss Ss P25—- — 
P13 e s s s P13 Ss Ss 
Pi4 c d Ss s P26 P14 Ss s s P26 P26 P26 
P15 e s s s P15 s s _ 
P16 de s s s — P16 s s 
P17 abe ss P28 P17 S _ 
P18 ab d § Ss P29 SSS Ss 
P20 a s $s s P30 P20 s Ss — P30 — 
P21 a e s s P21 $s § Ss Ss 
P23 cd Ss s P31 P23 s s P31 — _ 
P24 bo e s s s P24 Ss s $s Ss 
P25 b de s s 4 P25 S Ss Ss Ss - 
P26 de s P26 s s s 
P27 ¢ @ SSS P32 P27 SSSSS - 
P28 abe e 6 s P28 Ss Ss 
P29 ab de 4 P29 ss s Ss Ss - 
Total 16 8 8 8 8 Total 28 16 16 14 14 8 8 


denotes differentiated races. 
denotes non-differentiated races. 


inefficient differentials, that is, varieties with genes for resistance at two or 
more loci, will thus have the following effects on the observed pattern of host: 
parasite interactions. 

(i) Relatively poorer differentiation of avirulent races: this will result 
in an apparent shortage of races attacking those differentials known to express 
resistance at single loci. This is illustrated in Table VI (6); varieties H4 and 
H5 are attacked by fewer races than are varieties H2 and H3. 

(ii) Relatively better differentiation of the more virulent races; this will 
result in an apparent surplus of races attacking those differentials known to 
express resistance at two or more loci. This is also illustrated in Table VI (8); 
all races with genes for virulence at four or more loci are now recognizable. 
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Those races remaining undifferentiated possess genes for resistance at three 
loci or fewer. 

When host varieties are taken in pairs and comparisons are made of the 
numbers of races attacking one, the other, or both members of the pair, 
the two effects are combined. The races are separated into three groups 
according to their virulence; the races capable of attacking both members of 
the pair will be better represented than those that can attack only one member 
of the pair. Some examples, taken from Table VI (0), are listed in Table VII. 
Comparisons of H2 and H10, H3 and H10, and H10 and H13 are undisturbed, 
since all races that attack H2, H3, H10, and H13 are differentiated. With 
H2 and H5, and H4 and H13, there is a decrease in the number of races that 
attack one member of the pair, which results in a small deviation from the 
ideal ratio. With H4 and H5 there is a proportionate decrease in all three 
values and, consequently, no deviation from the ideal ratio. 

The data of Table VII also illustrate another feature that will be encountered 
in the analysis of incomplete data. The 4:1:2 ratios obtained when H3 and 
H10, and H4 and H13, are compared show that H10 and H13 each possesses 
genes for resistance at two loci; however, the 2:1:2 ratio obtained when H10 
and H13 are compared, which reveals that H10 expresses resistance at only 
one locus not expressed in H13, and vice versa, can only be taken to mean 
that the two-gene varieties, H10 and H13, must possess one resistance gene in 
common. 

Flor found it necessary to replace certain of his original differential varieties 
in the Linum: Melampsora system and later, to add new differentials (3, 6). 
As a result, complete data on interactions with all his present differentials 
are not available for all races. Of the 179 races for which complete or partial 
information is available, 48 occur naturally and 131 are hybrid races, produced 
by Flor in the course of his genetic studies. Our analysis will deal with the 
North American races, the hybrid races, and the parents of the hybrid races. 
Seven races (one European, three Australian, three South American) that have 
not been used in the hybridization work are thus excluded, since the genes 
they possess may not be present either in the hybrid or in the North American 
populations. 


TABLE VII 


Examples of the application of the geometric rule to incomplete reaction data 


Host Number of pathogen Genotype of races 
varieties races, attacking Ratio attacking 

a b a a&b 0b a:a & bib a a&b b 
H2 H5 16 8 14 ye ee 4 A AD D 
H4 H5 14 7 14 23422 Cc CD D 
H2 H10 16 8 8 23833 A AE AE 
H3 H10 16 4 8 4:1:2 B ABE AE 
H4 H13 14 4 8 4:1:2 Cc BCE BE 
H10 H13 8 4 8 23432 AE ABE BE 
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The variety Bison, susceptible to the 172 races that have been chosen for 
illustration of the analytical method, is the universal suscept of the Linum: 
Melampsora system. There is one race, race 10, that attacks a single variety 
only and, as expected, the variety that it attacks is Bison. There are seven 
races (viz. races 1, 3, 13, 41, 180, 210, and 225) each of which attacks only two 
of the 18 differential hosts (Bison and one other). This would indicate that at 
least seven loci are operating within the system, but since the number of races 
distinguishable on the differentials is greater than 27, the minimum number 
of loci acting within the system is at least eight. Thus, for at least one locus 
of the system the corresponding single-gene differential appears to be absent; 
the variety that functions in its place must possess two or more genes for 
resistance. Varieties with two genes for resistance should be attacked by half 
the total number of races that attack varieties with single genes for resistance. 
Yet when Flor’s differential varieties are arranged in a descending series, 
according to the numbers of races that attack them, there is no obvious group- 
ing into a geometric series. It is therefore necessary to look further, for other 
characteristics expected of a gene-for-gene system. 

Examination of Flor’s data (6) reveals that the varieties Leona, Abyssinian, 
Akmolinsk, and Bison form one geometric series and that Leona, Koto, and 
Bison form another. As is illustrated in Fig. 1, the 35 races that attack 
Leona also attack, without exception, Abyssinian, Akmolinsk, Koto, and 
Bison; Abyssinian is susceptible to 18 additional races and these, without 
exception, also attack Akmolinsk and Bison but not Koto; the 101 races that 
attack Akmolinsk, and the 94 races that attack Koto, also attack the universal 
suscept, Bison. According to our method of analysis, a minimum of three loci 
are needed in order to explain these data. If we assign three resistance genes, 
A, B, and C, to Leona, then Abyssinian must possess two of these, and Akmol- 
insk must possess one of the two possessed by Abyssinian. Assigning A and B 
to Abyssinian, and A to Akmolinsk, then Koto must possess C, since Koto is 
resistant to the 18 races that attack Abyssinian but not Leona. As for the rust 
races, the 35 that attack Leona must now be assigned virulence at the three 
related loci a, b, and c; the 18 that attack Abyssinian and Akmolinsk but not 
Koto or Leona must be assigned virulence at a and 6; the 49 races that attack 
Akmolinsk but not Abyssinian or Leona must be assigned virulence at a; 
and the 59 races that attack Koto but not Leona must be assigned virulence 
atc. A glance at the data on host: parasite interactions shows that there is 
one race, race 210, that attacks only Koto (in addition to Bison); this race 
therefore has virulence only at the c-locus. Another race, race 3, attacks only 
Akmolinsk (in addition to Bison); this race therefore has virulence only at 
the a-locus. Similarly, race 239 which attacks only Bison, Akmolinsk, and 
Abyssinian, has virulence at both the a- and 6-loci, and at no other. The 
remaining races all attack one or more differentials other than those shown 
in Fig. 1, and consequently possess virulence at other loci of the system. 

It must be emphasized that the analytical method reveals the units of inter- 
action, or loci, that interact within the system. As Bison, which serves as the 
universal suscept, possesses genes for resistance (6), then of necessity every 
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AB A 
Abyssinian—————-—> Akmolinsk 
3 races 101 races 
/ 
ABC B Bison 
Leona (absent }— — — -172 races 
35 races 


” 94 races 


Fic. 1. Relationships between varieties Leona, Abyssinian, Akmolinsk, Koto, and 

Bison. 
race that is differentiated within the system must possess genes for virulence 
related to and overcoming those of Bison. Neither this nor the usual genetic 
method can reveal the existence of genes that are common to all members of 
the system. In the remainder of this illustration of the analytical method, 
the differences that are revealed will for convenience be considered due to 
the action of single genes. 

There is no variety other than Akmolinsk that is susceptible to the 53 races 
that attack Abyssinian, therefore the single-gene differential possessing resist- 
ance at the B-locus must be presumed absent. With one single-gene differ- 
ential absent, and with two others known to express resistance at two or more 
loci, we should now expect to find a deficit (compared with an ideal system) 
in the total number of races that attack the universal suscept and the differ- 
entials with least resistance. We should also expect to find a corresponding 
surplus in the total number of races that attack the variety with greatest 
resistance. This is substantiated by the x? analysis in Table VIII, in which 
the observed frequencies for the Leona—Abyssinian series are tested for con- 
formity to a 1:2:4:8 ratio. The significant deviation from the ideal ratio is 
caused by a deficit in the number of races attacking Bison, which has no gene 


TABLE VIII 


x? analysis of the geometric series formed by varieties Leona, Abyssinian, Akmolinsk, 
and Bison 


Number of races 


Observed Calculated (O—C} 
Variety (O) (C) Cc 
Leona 35 24 5.0 
Abyssinian 53 48 0.5 
Akmolinsk 101 96 0.3 
Bison 172 193 23 
361 361 x? = 8.1 


Norte: P between 0.02 and 0.05, 
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for resistance (relative to the races of this system), and by a surplus of races 
attacking Leona, which has three. The Leona—Koto series deviates in the same 
direction from the expected 1:4:8 ratio, and its deviation also is significant. 

As a further illustration of the application of the method of analysis, data 
for the two single-gene varieties, Akmolinsk and Koto, were used in order to 
determine the number of genes possessed by the remaining differentials. 
It was found that, in addition to Abyssinian, eight other varieties possess 
two genes for resistance and that, in addition to Leona, two other varieties 
possess at least three genes for resistance. With most of the differential 
varieties now known to possess two or more genes for resistance a rather large 
deficiency is expected in the numbers of one- and two-gene races that are 
differentiated. The relative shortage of races with one gene, compared with 
the number of races with at least three genes for virulence, was shown con- 
sistently in all comparisons of Akmolinsk and Koto with the two-gene varieties. 


TABLE IX 


Comparison of Akmolinsk and Koto with differentials possessing two genes for resistance 


Akmolinsk (y), Koto (sz), 
no. races attacking no. races attacking 

Variety x x x+y y x x+z z Total ratios* 

Ottawa 101 21 37 94 2§ 37 195 46 74 
Dakota 101 33 64 94 31 64 195 64 128 
Cass 101 34 49 94 28 49 195 62 98 
Clay 77 31 40 49 23 40 126 54 80 
Polk 92 23 47 88 35 47 180 58 94 
Birio 78 22 36 50 21 36 128 43 72 
Kenya 101 31 57 94 35 56 195 66 113 
Bowman 86 25 31 58 17 24 144 42 a5 
Abyssinian 101 53 53 94 36 53 94 36 53 
Total* 737 220 361 715 251 406 1452 471 767 


*Abyssinian excluded. 


The data, presented in Table LX, confirm the status of Akmolinsk and Koto 
as single-gene varieties: approximately one-half the total number of races 
attacking each of the two-gene varieties also attack Koto and one-half 
the total number of races attacking each of the two-gene varieties, excepting 
Abyssinian, also attack Akmolinsk. The status of the nine two-gene differ- 
entials is indicated by the fact that approximately one-fourth the total 
number of races that attack Koto, and one-fourth the total number of races 
that attack Akmolinsk, can also attack each of the varieties listed. The 
exception is the Akmolinsk: Abyssinian comparison, in which a 2:1:1 ratio is 
obtained for the reason already given, namely that Abyssinian possesses the 
resistance gene of Akmolinsk. 

Comparisons, using Akmolinsk and Koto as test varieties, indicated that 
varieties Wilden, Williston, and Victory also possess genes for resistance at 
single loci. These three single-gene differentials were then compared with 
each of the members of the 2-gene group. The data given in Table X show,that 
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the modified 4:1:2 ratio was obtained, as expected, in all but three of the 27 
comparisons. The three exceptions (Wilden—Polk, Wilden—Bowman, and 
Williston—Cass) gave 4:1:1 ratios, which introduces the possibility that the 
members of each of these pairs possess a gene in common. The deviation from 
the ideal 4:1:2 ratio is of the same order as that obtained when two-gene 
varieties were compared with Akmolinsk and Koto and is due to the same 
causes. 

When pairs of varieties within the two-gene group were compared it was 
found that five of them—Kenya, Polk, Birio, Clay, and Bowman—all possess 
a common gene. The data obtained are shown in Table XI. All comparisons 
within this group approach the modified 2:1:2 ratio expected if these varieties 
possess a common gene. Evidence that the gene common to these varieties 


TABLE X 


Comparison of varieties Wilden, Williston, and Victory with members 
of the two-gene group 


Wilden (m), Williston (7), Victory (0), 

no. races no. races no. races 

attacking attacking attacking 
Variety x mm+x x n n+x «x o o+x «x Total ratios* 
Ottawa 150 35 37 164 31 37 80 16 21 394 82 95 
Dakota 150 56 64 164 62 64 So 3t $2 394. 149 =180 
Cass 146 46 49 164 49 49 80 31 39 226 «77 88 
Clay 96 38 40 121 35 40 a 2 3s 288 98 112 
Polk 130 47 47 147 44 47 22 2 219 74 
Birio 95 35 36 110 34 36 68 23 34 273 +92 106 
Kenya iss «MOST 164 55 57 80 33 40 397 142 154 
Bowman 1065 OHM 127. 3311 204. 55 60 
Abyssinian i533 164 48 53 80 27 45 397 117 151 
Total* 943 306 336 1161 339 365 688 232 319 2792 877 1020 


*Excluding Wilden—Polk, Wilden-Bowman, and Williston—Cass, 


TABLE XI 


Comparisons between two-gene varieties that possess one gene in common 


No. of races attacking 


Variety p Variety q p p+q q 
Kenya Clay 36 20 40 
Kenya Polk 51 24 47 
Kenya Birio 36 20 36 
Kenya Bowman 41 17 31 
Clay Polk 40 22 31 
Clay Birio 40 23 36 
Clay Bowman 33 22 24 
Polk Birio 31 20 36 
Polk Bowman 27 14 28 
Birio Bowman 29 12 23 
Total 364 204 332 
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TABLE XII 


Comparison of five two-gene varieties with Leona and Abyssinian 


Leona (s), Abyssinian (¢), 
no. races attacking no. races attacking 
Variety r r r+s s r r+t t 
Kenya 57 14 35 56 17 53 
Polk 47 15 32 47 15 48 
Birio 36 9 22 36 11 37 
Clay 40 9 19 40 10 38 
Bowman 40 10 38 31 13 39 
Total 211 59 132 210 66 245 


is also possessed by Leona is presented in Table XII, where the five two-gene 
varieties are compared with Abyssinian and with Leona. The figures obtained 
in comparisons with Abyssinian all approach the modified 4:1:4 ratio expected 
if the five two-gene varieties have no gene in common with Abyssinian, which 
is also a two-gene variety. The figures obtained in comparisons with Leona 
all approach a modified 4:1:2 ratio. This shows that virulence at only one 
additional iocus is required of the races attacking Leona in order to attack each 
of the five two-gene differentials, and that virulence at only two additional 
loci is required of the races attacking Kenya, Polk, Birio, Clay, or Bowman 
in order to attack Leona, which has three genes for resistance. Had there been 
no common gene for resistance an 8:1:4 ratio would have been obtained. 

These examples serve to illustrate the application of the analytical method 
to complex systems for which the data on host:parasite interactions are 
incomplete. It is clear that the characteristics that were shown in Section II 
to be inherent in an ideal gene-for-gene system are shown by the Linum: 
Melampsora system also. The Linum:Melampsora system will receive fuller 
consideration in another publication. Certain of the results obtained through 
the illustrations presented here will now be considered in relation to the 
results Flor has obtained and the conclusions he has drawn from his genetic 
studies, both with the host and with the parasite. 


Interpretation of Flor’s Genetic Data 

Flor’s main conclusion from his studies of host resistance—apart from that 
concerning the existence of specific gene-for-gene relationships—is that genes 
for rust resistance in flax occur at five loci, and that for each there is either an 
allelic series or a tightly linked group of genes for resistance. To one of these, 
the P-locus, Flor has assigned resistance genes P of Koto, P! of Akmolinsk, 
P? of Abyssinian, and P* of Leona. To another, the N-locus, Flor has assigned 
resistance genes V of Bombay, N' of Polk, and NV? of Marshall. The two loci, 
P and N, are considered to be very closely linked (5,6,7,8). Flor thus concludes 
that Koto, Akmolinsk, Abyssinian, and Leona possess one gene each for 
resistance, whereas our results indicate that they possess one, one, two, and 
three genes each, respectively. The genetic data that led Flor to his conclusion 
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that these four varieties each possess a single gene, either allelic to or tightly 
linked with the other, should therefore provide a test of the validity of our 
conclusions respecting the same four varieties. 

To take an example: Flor records the interactions of 168 F.-segregates of 
the cross between Akmolinsk and Abyssinian to races 1 and 3 of flax rust (5). 
There was no segregation to race 1; all progeny were resistant. There was 
segregation to race 3; three-quarters of the progeny were resistant and one- 
quarter were susceptible (see (5), Table 6). Flor’s conclusion that the single 
genes of Akmolinsk and Abyssinian are allelic or linked rests on the fact that 
no segregant susceptible to race 1 was obtained. To quote: “The lack of 
segregates susceptible to races to which both parents were immune or resistant 
was interpreted as indicating the presence of a rust-conditioning factor in the 
variety being studied which was allelamorphic to or linked with the factor 
for immunity in Ottawa 770B, Newland, or Bombay as the case might be’’(5). 
As Flor points out later in this paper, this general rule also applies to the results 
of the Akmolinsk:Abyssinian cross. In this and in subsequent papers (5, 7, 8) 
Flor concludes that Akmolinsk, Abyssinian, and Leona possess different 
genes, at different loci, ‘“‘so closely linked that they are inherited as a unit 
(7)”. Flor’s interpretations thus rest on the failure of the F, segregations to 
conform to an @ priori expectation and are, therefore, based on negative 
evidence. In the present analysis Akmolinsk, with one gene for resistance, 
has been assigned genotype .1.1; Abyssinian, with two genes for resistance, 
has been assigned genotype .1.1BB. For the pathogen, race 3 has been assigned 
virulence at the locus related to locus .1 in the host since, other than Bison, 
Akmolinsk is the only variety it can attack. If we assign symbols a,a, to 
denote recessive genes for virulence at this locus then, since it cannot attack 
Abyssinian, the full genotype of race 3 (so far as these two varieties are 
concerned) must be a,a,B,B,. Race 1, which cannot attack Akmolinsk, 
must possess at least one dominant gene for avirulence at the related 4-locus. 
No conclusion need be drawn respecting the B-locus of race 1, (indeed, no 
conclusion can be drawn since a single-gene differential for the B-locus is 
absent from the system); we therefore assign genotype .1,4,-— to race 1. 
Flor’s data are reproduced, and reinterpreted, in Table XIII. Since we have 


TABLE XIII 


Re-interpretation of the F2 segregations obtained by Flor (5) from a cross between 
Akmolinsk and Abyssinian 


F, phenotypes expected 


Parent varieties In this 
analysis 
Test races, Akmolinsk, Abyssinian, 
genotype AAbb AABB AAB-AAbb By Flor 
Race l R R R R R R 
Race a,a,B,B, S R R R S 
Observed frequencies 130 38 130 38 0 
Expected frequencies 126 42 126 42 0 
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assigned dominant genes for resistance at the A-locus to both Akmolinsk 
and Abyssinian, all F, progeny are AA and consequently all F, progeny are 
resistant to race 1, which does not possess related genes for virulence. On the 
other hand, when the progeny are tested to race 3, which possesses related 
genes for virulence that are able to overcome the resistance conferred by host 
genes AA, the possession of these genes for resistance by all members of the 
F, progeny is concealed. Segregation at the B-locus is, however, revealed, 
since in the absence of the related genes for virulence the action of the dominant 
gene B for resistance can be expressed. Flor’s data therefore meet with our 
expectations in every respect. It will be noticed that, according to the present 
interpretation, no plant susceptible to both race 1 and race 3 is expected; it was 
this expectation, unfulfilled, that led Flor (5) to conclude that the single 
genes he postulated were either allelic or closely linked. 

Since this is a typical example of the genetic interpretations that are placed 
on segregations for host resistance it is useful, before considering the genetic 
data further, to bring forward some illustrations that are of general validity. 
Consider an F2 host population in which there is random segregation at three 
loci, A, B, and C, for resistance (dominant) and susceptibility (recessive). 
At a fourth locus, D, the progeny are uniformly resistant (DD), and at a fifth 
locus, E, they are uniformly susceptible (ee). The progeny will therefore be 
resistant to ai] rust races that do not possess the genes for virulence (dd) at 
the locus related to the D-locus for resistance in the host; and their resistance 
or susceptibility will be uninfluenced by the rust genotype at the locus related 
to the E-locus for susceptibility in the host. The eight different host phenotypes 
can therefore be identified, using eight corresponding rust races, only if the 
corresponding races all possess common genes for virulence at the locus 
related to that for which the F2 progeny all possess a common gene for resist- 
ance. Since the common gene for virulence nullifies the effect of the common 
resistance gene, the presence of this gene for resistance within the > popu- 
lation is completely concealed. This is illustrated in Table XI Va; the parents 
and progeny are uniformly resistant to “race P9"’, which is avirulent at the 
D-locus. ‘‘Race P9”’ would of course include any race in the system that does 
not possess the dd genes for virulence, and in a complex system a great many 
such races will be encountered. Table XIVb shows that where the presence of 
the common gene for resistance is concealed, the ratio of resistant to susceptible 
plants in the F, progeny is determined by the race or races that are used to make 
the test. If single races are used, the following ratios, of resistant to susceptible 
plants, are obtainable: 63:1, 15:1, 3:1, 1:0, and 0:1. The number of segre- 
gating loci actually revealed therefore depends entirely on the choice of the 
test race. The ratios obtainable when two test races are used are also shown 
in Table XIVb; again the number of segregating loci revealed is determined 
by the choice of test races. Under these circumstances a 3:1 ratio cannot 
be taken to mean, necessarily, that only one locus is segregating, or that the 
variety concerned possesses a single gene for resistance. There are, therefore, 
two separate processes that can lead to complete failure to recognize genes 
for resistance. 
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TABLE XIV 


Genetics of host resistance: an F; host population segregating at three of five loci for resistance, 
the parental combinations that can give rise to the Fz population, and the races that 
can be used to test segregations for resistance (a); also the segregations 
that are recorded when the F; host population is tested to single 
races, and to pairs of races (0) 


(a) F2 population 


Host variety 


H1 H2 H3 H4 H5 H6 H7 H8 


Parental crosses that 
can give rise to the 
¢.¢ #4 € F: population 
DDODODODODOD OD Hi H2 H3 H4 
Pathogen 4-2 x x x 
race Vir.t H8 H7 H6 H5 
Pl ABCdEoe Ss 
P2 aBCdEoe § Ss Ss 
P3 Ae cCdé Ss Ss Ss 
P4 4ABet Bae Ss Ss Ss Ss 
PS G s § Ss Ss Ss Ss 
P6 a@BedtEoe s Ss Ss Ss Ss Ss Ss Ss 
P7 ore Ss Ss s Ss 
P9 any DEore RR QR BA RR 
F:frequencies: 1 3 3 3 9 9 9 27 
(6) host segregations 
To single races To pairs of races 
Ratio Test race Ratio Test races 
63:1 Pl 63:1 Pi+P8 
15:1 P2 15:1 P2+P8; P3+P8; P4+P8 
15:1 P3 3:1 P5+P8; P6+P8; P7+P8 
9:3:3:1 P5+P6; P5+P7; P6+P7 
3:1 PS 12:3:1 P2+P5; P3+P5; P4+P6 
331 P6 P2+P6; P3+P7; P4+P7 
338 P7 48:15:1 P1+P5; P1+P6; P1+P7 
0:1 45:15:3:1 P4+P5; P3+P7; P2+P6 
1:0 P9 P2+P3; P2+P4; P3+P4 
60:3:1 P1+P2; P1+P3; P1+P4 


*Loci at which genes for resistance (dominant) are expressed. 

tLoci at which genes for virulence (recessive) are expressed. 

To return to Flor’s data on segregations for host resistance: Flor consistently 
tested his /, progenies to races to which both parental varieties were resistant 
(5). The data of Table XI Va show that the following parental combinations 
and the F2 progeny can be so tested: 

(i) H2XH7 to race P1, P3, or P4; 

(Gi) HS HG to race Pi, P2, or Pa; 

(iii) H4XHS5 to race P1, P2, or P3; and 

(iv) any parental combination to “race P9’’. 

Tests (i), (ii), and (iii) are legitimate tests for either allelism or linkage; test 
(iv) isnot. But for the legitimate tests races with single genes for virulence, and 
varieties without a common gene for resistance, are required. One of our main 
conclusions, however, is that most of Flor’s differentials possess two or more 
genes fot resistance. Consequently, the single-gene races needed for the test 
for allelism, being undifferentiable, will also be largely unobtainable. On the 
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other hand, for test (iv), the illegitimate test for allelism, any one of the many 
races of the system, avirulent at a locus related to a host locus for which both 
parent varieties are resistant, will serve. Since in both types of test the parents 
and the progeny are uniformly resistant, Flor’s method cannot discriminate 
against the illegitimate test, which will be the one most frequently carried out 
(so long as the inappropriate test races cannot be excluded), and Flor’s method 
can give an unambiguous result only for host genes that are not allelic or not 
identical. On the other hand test (iv), when it can be carried out, is a legitimate 
test for the presence of a gene for resistance common to the two varieties 
being tested. If this is so it should be found, and it has been found, that 
varieties that possess common genes for resistance, according to the present 
analytical method, are also those that, according to Flor’s method, possess 
genes belonging to an allelic or closely linked series. 

The Akmolinsk:Abyssinian cross, in which the parental varieties and the 
progeny were uniformly resistant to race 1 (Table 6, (5)), will now be re- 
examined with a view to confirming that the parents do, in fact, possess resis- 
tance gene A in common, and that this test was, in fact, an illegitimate test 
for allelism. Consider the series: 

Akmolinsk, genotype 4, 

Abyssinian, genotype 1 B, 

Leona, genotype 1 BC, 
and the reactions expected of an F2 rust population in which segregation for 
virulence and avirulence occurs at one single related locus for virulence, «1p, 
B,, or Cy. With segregation only at the C, locus the two /) phenotypes, 
ApApbpbpCp-p and apAybybpcpcp, will occur in a 3:1 ratio, and the segregation will 
be observable only on the variety Leona, since all segregates are virulent at 
the two loci required for Abyssinian, and at the one locus required for Akmo- 
linsk. Segregation at the B, locus will affect Abyssinian and Leona jointly, 
since segregates with avirulence at the B, locus (of genotype @p)4,Byp~pCpCp) 
cannot attack the two varieties, Abyssinian and Leona, that possess the 
related gene for resistance. Segregation at the A, locus (i.e. 3 (A p-pbpbpCpcp) : 1 
(A pApbybpCpCp)) will affect the three varieties jointly. In line with these expect- 
ations, Flor’s hybridization studies with the rusts (4, 7) do show joint segre- 
gations on these varieties. In the cross of race 22 by race 24 there is joint F»2 
segregation on all three varieties (4), and in the crosses of race 6 by race 22A 
(4) and 6 by 22 (7) there is joint segregation on the two expected varieties, 
Abyssinian and Leona. Fulfillment of these expectations again confirms our 
earlier conclusions respecting the genotypes of Akmolinsk, Abyssinian, and 
Leona, and demonstrates that, for the Akmolinsk: Abyssinian cross at least, 
Flor’s test for allelism was illegitimate. Mayo (10) has examined Flor’s evi- 
dence for allelism and close linkage of genes for resistance in flax and has shown 
that Flor’s conclusions are not satisfactorily supported by the published data. 

The present analysis also revealed that most of Flor’s differential varieties 
possess two or more genes for resistance. An earlier illustration showed that 
with inefficient differentials, those races that are relatively avirulent frequently 
cannot be differentiated; the consistent shortage in the numbers of races 
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found to attack single host varieties was accounted for in these terms. In 1940, 
with the differentials then in use, 21 rust races native to North America were 
differentiated (3). Several two-gene varieties were later added to the differ- 
ential series. Accordingly, it would be expected that some of the races, origin- 
ally differentiable, would now lose their identity as distinct races. This did 


~ occur. In Flor’s 1954 paper (6), which listed the reactions of all flax-rust races 


then known, only five of the original North American rust races remained un- 
changed. The remaining 16 were combined with other older races, and the 
mixture was designated as a single race. To illustrate: present race 2 now 
includes old races 6, 11, and 14; present race 1 now includes old races 4, 12, 
and 17. Inefficient differentiation of rust genotypes will, in turn, lead to 
difficulties in genetic interpretation. As a possible example, Flor found that, 
as a general rule, virulence on the part of the rust is inherited as a recessive 
characteristic (4). In the one exceptional case (the race 22X24 cross) both 
parent races, the F,, and 116 of the 133 F, cultures were virulent on the two 
varieties, Williston Golden and Williston Brown. The 17 avirulent /2 cultures 
attacked neither Williston Golden nor Williston Brown, which indicates 
that these two varieties possess a common gene for resistance. The observed 
segregations cannot be fitted satisfactorily to either a one- or a two-factor 
ratio. The 17 avirulent cultures can be accounted for, however, if it is assumed 
that one parent race was a mixture of two genotypes and that the avirulent 
F, genotypes escaped detection. In discussing this segregation Flor states: 
*...the occurrence of avirulent F, cultures was not anticipated. Multiple 
sporidial infections of the same sex cannot be accurately differentiated from 
single-sporidial infections; therefore it is possible that in some multiple infec- 
tions the avirulent race was not differentiated. Likewise in a mechanical mix- 
ture of races the avirulent one might escape detection” (4). This, together with 
the fact that exclusion of the 17 unexpected cultures from the F: population 
leaves the ratios on all other varieties unaffected, strongly suggests that patho- 
genicity on Williston Golden and Williston Brown is not an exception to the 
general rule that virulence in flax rust is inherited as a recessive characteristic. 

Thus, for the varieties Akmolinsk, Abyssinian, and Leona, and for the races 
that attack them, the conclusions drawn, using the new analytical method, 
are sustained by the data that have been obtained in genetic work both with 
the host and with the parasite. This, together with other supporting evidence, 
leads to the conclusion that the method of analysis developed in this study 
can be validly applied to all gene-for-gene systems for which the data on host: 
parasite interactions are representative, regardless of the number of loci 
interacting within the system. 


Discussion 


Properties that arise because of specific gene-for-gene relationships were 
revealed in both the Solanum:Phytophthora and Linum: Melampsora systems. 
The reaction data that were available for the Solanum:Phytophthora system 
were practically complete, while those for the Linum:Melampsora system 
represented only a small portion of the total pattern of interactions possible 
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in a system of this complexity. As a result, certain characteristics of the ideal 
system that were obvious in one analysis were shown imperfectly or not at 
all in the other. For the Solanum:Phytopthora system, using all available 
data, there was strict adherence to the geometric rule; for the Linum: Melamp- 
sora system there was not. In the Linum: Melampsora system there is, in 
addition to the factors brought out during the analysis, another factor which 
contributes to the deviations from the geometric rule. Most of the flax-rust 
races were produced during Flor’s hybridization studies. In these, depending 
on the races chosen, there would be no segregation for pathogenicity on those 
varieties for which the parent races were both virulent (i.e. homozygous 
recessive). In the race 6X22 cross, for example (7), there was no segregation 
for pathogenicity on six of the differential varieties. The genes for pathogeni- 
city on these six varieties are thus present as a group in all F2 segregates, where 
they add to their virulence and, because their separation from each other was 
excluded, they are not fairly represented among the avirulent group of races. 
The effect of this process, generally, is that it leads to a further deviation, in 
the same direction, as that caused by the use of inefficient differential varieties. 
It would perhaps be useful, in analyzing complex host:parasite systems, to 
obtain an empirical estimate of the amount of bias caused by the use of 
inefficient differentials, and by other factors. The observed frequencies could 
then be tested against corrected ratios, using statistical methods. With the 
Linum: Melampsora system it was usually not difficult to classify the observed 
frequencies by inspection, and any doubt of the status of a variety was usually 
resolved simply by carrying out more comparisons with the variety whose 
status was in doubt. In comparing the two-gene varieties to Wilden, Williston, 
and Victory, for example (Table X), neither the individual comparisons nor 
the totals conformed closely to an ideal 4:1:2 ratio. But there could be no 
possibility of this being a modified 4:1:1 ratio, since the 4:1:1 ratio admits 
of no exception to the rule that all races attacking one member of the pair 
must also attack the other member of the pair. The choice, if one were neces- 
sary, was between 4:1:2 and 4:1:4 ratios, and obviously the observed fre- 
quencies conform more closely to a 4:1:2 ratio. 

The primary purpose of the analysis was to demonstrate that gene-fcr-gene 
relationships are in fact operative in host:parasite systems. Although this 
was achieved, the analytical procedures also led to firm conclusions respecting 
the genotypes of the hosts and their pathogens in both systems that were 
analyzed. Since these conclusions were in complete agreement with the avail- 
able genetic data, in both cases, it is obvious that the analytical procedures are 
of practical as wellas of theoretical importance. The treatment of the Linum: 
Melampsora system also showed some of the limitations of the previous methods 
for analyzing host:parasite systems. The lack of knowledge of the genotype, 
either in the host or in the parasite to which a segregating F, population is 
exposed, imposes a severe limitation on genetic work. Though the new 
analytical method can avoid this limitation, there remains the problem of 
producing the single-gene races and varieties that can be so profitably used in 
practical work (cf. Flor (6, 7, 8)). Single-gene varieties can be differentiated 
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only with single-gene races, and vice versa. A useful beginning, in analyzing 
other systems, would be to cross the multi-gene varieties to the universal 
suscept and then to test the F, progeny to the least virulent ‘‘races’’ (these, 
in a system where the differential varieties are inefficient, will comprise mix- 
tures of avirulent genotypes), or to F2 rust populations derived from crosses 
between relatively avirulent races. With “‘two-for-one’’ relationships there 
is also a difficulty in obtaining appropriate test genotypes. For example, 
if genotype aabbd is effective against a single related locus, and A ABB, AABB, 
AAbb, AaBB, AaBb, Aabb, aaBB, and aaBb are ineffective, the segregation 
obtained from a cross between the contrasting phenotypes will again depend on 
the genotypes that are chosen. Only aabb X .14BB will result in consistent 
15:1 segregations. 

All properties that were considered in Section II to be characteristic of, and 
essential to, gene-for-gene systems were revealed in the analyses that were 
carried out. Flor’s main conclusion—that for each gene for resistance in flax 
there is a specific and related gene for virulence in the flax rust—is correct. 
Certain of the results obtained in this paper are at variance with Flor’s earlier 
conclusions and this appears, to the author at least, to be directly due to the 
unavailability of suitable methods for dealing with interlocking genetic systems. 
Flor’s hypothesis is extended in this paper to include all host :parasite systems. 
The analytical method will need to be adapted to those systems in which 
more than one type of host:parasite interaction is obtained, as is the case, 
for example, with cereal rusts. A successful analysis here will depend on the 
proper classification of the six reaction types recognized, in terms of the under- 
lying genotypes. Incomplete dominance in both host and parasite could 
possibly explain the range in host :parasite reaction that is obtained. 

The new analytical method treats a host:parasite system as a complete 
and integrated unit. The method can lead to genetic conclusions that are not 
based on genetic ratios. The raw data for analyses are of the sort that are 
accumulated, normally, in routine race surveys. The method reveals the units 
that are interacting within a system, it identifies gene similarities as well as 
gene differences, and it can lead to interpretations that can readily be tested 
by the usual genetic methods. 
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NOTES 


FURTHER OBSERVATIONS ON LEPTOTHYRIUM AND KABATIA ON LONICERA 
I. L. CoNNERS 


In a recent paper (1) I drew attention to one by Miiller (2) in which he 
described Guignardia latemarensis on Lonicera coerulea and from cultures of 
the ascospores he concluded that this fungus was the perfect state of Kabatia 
lonicerae. However, after my paper was submitted for publication, there 
appeared another by Miiller (4) in which he described two new species of 
Guignardia on Lonicera and made reference to studies published since 1953. 
In 1957, as a result of a suggestion from Petrak, Miiller (3) presented evidence 
that Guignardia minuta von Arx & Miiller, Beitr. Krypt.-fl. Schweiz 11 (1), 
58 (1954), originally collected on Lonicera periclymenum is the perfect state of 
Colletotrichella periclymeni (Leptothyrium periclymeni). Unlike G. latemarenis, 
which was collected on fallen overwintered leaves, G. minuta was found on 
living twigs of the Lonicera caprifolium near leaves attacked by C. periclymeni. 
In his recent paper, one of the newly described species of Guignardia was 
G. mirabilis, the perfect state of K. mirabilis from material collected in Europe. 
The second was G. himalayensis on Lonicera quinquelocularis Hardw. from one 
collection made in India in the Himalayas. Its imperfect state is similar to 
K. mirabilis var. oblongifoliae Conners except that in the new species the spores 
are broader and the fruit body is said to be brown. 

It may be noted that Vassiljevsky and Karakulin (6) have reported a some- 
what greater abundance and wider distribution of Colletotrichella periclymeni 
in the U.S.S.R. than given in my paper. They record its occurrence on Lonicera 
xylosteum from several additional districts in European Russia as well as on the 
same host from the Sverdlovsk district and on Lonicera sp. from the Omsk 
district, both within Siberian Russia. Probably the most interesting is their 
record of the fungus on Lonicera caprifolium from Dagestan, A.S.S.R., a 
state bordering on Iran. A second, somewhat atypical species of Colletotri- 
chella, C. persica on Lonicera sp., has been described by Petrak (5) from Iran. 

Finding G. himalayensis by Miiller provides definite evidence that hosts in 
the section Coeloxylosteum are parastized by Kabatia and this further review 
of the literature suggests that additional Asian records only await the collector. 
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TOXICITY TESTS OF A NEW TROPOLONE, $-THUJAPLICINOL 
(7-HYDROXY-4-ISOPROPYLTROPOLONE) OCCURRING IN 
WESTERN RED CEDAR 


J. W. Rorr anp E. I. WuHittaKer! 


The decay resistance of western red cedar (Thuja plicata Donn.) is attributed 
to the presence of toxic materials distributed throughout the heartwood. 
Previous analyses (1, 5) established the occurrence of two groups of chemical 
compounds in the wood, namely, the tropolones (including a@-, B-, and y- 
thujaplicin) and the water-soluble phenols. In biological tests, derivatives 
of the former group were more toxic to fungi than those of the latter (9, 10). 

Recently, a new member of the tropolone group, 6-thujaplicinol (7-hydroxy- 
4-isopropyltropolone) was isolated (7, 8) and the toxicity of this fraction has 
been compared with that of y-thujaplicin and also sodium pentachlorophenate. 

The standard Petri plate test method was used and a series of malt agar 
mixtures were prepared in concentrations of the appropriate toxicant ranging 
from 0.0001% to 0.15%. Both the apparent inhibition point and also the 
killing point were defined (6) after an observation period of 7 days (Table I). 


TABLE I 


Comparative toxicity of two tropolones of western red cedar and of 
sodium pentachlorophenate to five wood-destroying fungi 


Percentage of chemicals in 2% malt agar media 


Causing inhibition Causing death 
Sodium Sodium 
B-Thuja- penta- y-Thuja- 8-Thuja- penta- -Thuja- 
Test fungi plicinol chlorophenate plicin plicinol chlorophenate plicin 
Brown rot type: 
Portia monticola 0.002 0.001 0.004 0.004 0.002 0.006 
Coniophora puteana 0.002 0.001 0.002 0.002 0.002 0.004 
White rot type: 
Polyporus versicolor 0.150 0.005 0.012 —* 0.007 0.016 
Stereum sanguino- 
lentum 0.060 0.002 0.008 0.125 0.005 0.012 
Poria weirii 0.020 0.002 0.008 0.040 0.005 0.010 


*At the point of maximum solubility (0.15%), the fungus was not killed. 


Test fungi included strains of five wood-destroyers, namely Poria monticola 
Murr. and Coniophora puteana (Schum. ex Fries) Karst. (brown rot producers), 
also Polyporus versicolor L. ex Fries, Stereum sanguinolentum Alb. and Schw. 
ex Fries, and P. weirii Murr., which produce white rots. 

A marked difference in tolerance of the fungi to the various toxicants was 
noted, brown rots being the most sensitive. Killing points for these fungi 
were 0.002% for sodium pentachlorophenate and approximately 0.003% for 
8-thujaplicinol and 0.005% for y-thujaplicin. For white rots, however, these 
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concentrations were subinhibitory and a threefold increase was required in 
the case of both sodium pentachlorophenate and of ‘y-thujaplicin, before 
growth was killed. 

B-Thujaplicinol was the least effective against fungi of the latter type, 
particularly in the case of P. versicolor, which was not killed at a concentration 
of 0.15%, the point of maximum solubility for this compound in hot malt agar 
solution. Killing points for other white rots were 0.04 for P. weirii and 0.12% 
for S. sanguinolentum. 

Diffusion zones which surrounded inocula in the case of both the original 
transplants on poisoned agar, as well as when these plugs were transferred 
to fresh media, were observed. The zones were particularly evident at 
concentrations of the toxicants which approached the inhibition point for the 
fungus concerned and also occurred when the planting piece was dead. Cedar 
extracts produced the strongest color reactions with all test fungi with the 
exception of P. weirii, which caused a slight darkening only in the case of 
y-thujaplicin. 

In this regard it was evident that the latter fungus, which causes extensive 
decay in the tree, also in felled timber, was less tolerant to cedar extracts 
than either of the other white rot test organisms. The latter occur in down 
timber (3) but are not common in the tree. 

Diffusion zones in plate cultures have also been reported upon media con- 
taining mixtures of the gross extract from the wood (11). In the case of 
white rots the darkened zones were similar to those described by Bavendamm 
(2) and ascribed to the production of catechol-oxidative enzymes. With 
brown rots, discolored opaque areas appeared, and the reaction was possibly 
related to hydrolytic activity. 

In previous work, fungi which produce brown rots have been found more 
sensitive to variations in natural preservatives in western red cedar wood 
than fungi of the white rot type (4); a situation similar to this occurs also 
upon malt agar media containing the aqueous extracts. Rennerfelt (9) 
reports that certain species both of Ascomycetes and of Fungi Imperfecti are 
similarly tolerant to thujaplicin, the inhibition points being of the same 
order as those presently determined. 

The toxicity of both 6-thujaplicinol and of the thujaplicins are similar in 
respect to brown rots but the former is much less effective against fungi of the 
white rot type. As chemical analyses have also indicated that its content in 
cedar wood is approximately one-tenth that of the thujaplicins (7) it appears 
that 6-thujaplicinol contributes only in a minor degree to the durability of 
western red cedar. 

1. Anperson, A. B. and GripPENBERG, J. Antibiotic substances from the heartwood of 
Thuja plicata D. Don. IV. The constitution of thujaplicin. Acta Chem. Scand. 
2, 644-650 (1948). 

2. BAVENDAMM, W. New investigations of the conditions governing the existence of wood- 
destroying fungi. A contribution to the problem of the susceptibility to disease 
1999) woody plants. Note II: Tannin experiments. Rev. Appl. Mycol. 8, 281 


3. BucKLAND, D.C. Investigations of decay in western red cedar. Can. J. Research, C, 24, 
158-181 (1946). 
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EFFECT OF LIGHT ON THE EXTENSION GROWTH OF ROOTS OF FROGBIT! 


HaroLtp MINSHALL 


In mode of action studies with the herbicidal chemical 3-(4-chloropheny])- 
1,1-dimethylurea, wherein the extension growth of frogbit roots was sup- 
pressed by one five-hundredth of the concentration required to give a similar 
suppression of timothy or corn, the results obtained suggested that the 
major source of energy for extension growth of frogbit roots might be the 
photosynthetic assimilation of carbon within individual roots. Arber (1) 
pointed out that the green roots of some aquatic plants were capable of 
carrying on photosynthesis, but no indication was given of the importance of 
this assimilation to growth processes. It appeared desirable, therefore, to 
investigate the effect of light, the source of photosynthetic energy, on the 
extension growth of frogbit roots. 

Frogbit (HZydrocharis morsus-ranae L.) is a monocotyledonous free-floating 
hydrophyte. Leaves, roots, and lateral stolons develop from a very short 
submerged stem. The expanded, discoid, floating leaves are subtended by 
petioles 4 to 6 cm long and are produced in rosettes. The roots are 
unbranched, covered with numerous root hairs, and green in color due to the 
presence of chlorophyll. New plants develop continually from the lateral 
stolons. All plants employed were propagated vegetatively from a single 
individual collected from a pond adjacent to the Rideau Canal at Ottawa, 
Ontario (2). 


1Contribution No. 126 from Pesticide Research Institute, Canada Department of Agriculture. 
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Growth characteristics of frogbit roots were investigated in glass cylinders 
with continuous light from standard cool white fluorescent lamps. The 
intensity was 550 ft-c at the surface of the solution. New roots developed 
very slowly at first, requiring 2 or 3 days to grow 3 or 4cm in length. The 
growth rate then markedly increased to 5 to 8 cm per day until the root 
exceeded a length of 15 cm, when the rate decreased. The final length 
attained was from 25 to 30 cm. On the basis of these preliminary tests 
young plants consisting of two leaves and two roots were selected for the 
experiments on the effect of light. In each case, the older root was 10 to 
15 cm in length and the younger root 2 to 5 cm at the beginning of the test. 

Berzelius beakers of 600-ml capacity were used as containers. The nutrient 
solution contained the following salts in grams per liter: Ca(NOs)s, 0.43; 
KH2PO,, 0.60; and MgSO,, 0.45. Iron chelate and the usual trace elements 
were added, and the nutrient solution was not aerated. The plants were 
illuminated continuously with 400 ft-c of light measured at the surface of the 
leaves. The light was supplied in approximately equal proportions from 
incandescent and fluorescent lamps. In each of the 11 experiments, one 
plant was grown with leaves and roots exposed to light, and a second plant 
with leaves exposed to the light but its roots in the dark. The duration of 
each experiment was 48 hours. Root lengths were measured at the beginning 
and at the end of each experiment. Solution temperature varied from 25 to 
30° C in the different experiments. The solution with the roots exposed to 
the light was one degree lower than the solution with the roots in the dark. 

Light was excluded from the roots by means of sheets of black rubber 
inside the beaker and sheets of black paper on the outside. A thin sheet of 
rubber was placed around the inside of the beaker in the nutrient solution. 
The top edge of this rubber liner was approximately 2 cm below the surface 
of the solution. An opaque top for the cylinder thus formed was made with 
two circular pieces of rubber placed one above the other. The lower circular 
piece was the same diameter as the beaker but the upper one was somewhat 
smaller. To accommodate the leaf petioles, a slit was cut from the circum- 
ference to the center of each circular piece of rubber. The petioles were 
threaded through the slits in the circular pieces of rubber and the two pieces 
were arranged in such a manner that the slits were not one above the other. 
The top edge of the sheet of black paper wrapped around the outside of the 
beaker was approximately 1 cm below the surface of the solution. The lamps 
were placed to one side and above the beakers with the sockets and reflectors 
directed toward the beakers in a 45° angle from horizontal. By this arrange- 
ment light was excluded from the roots of the frogbit plant, but was permitted 
to reach the leaves floating on the surface of the solution. In control experi- 
ments where the sheets of rubber were present in the nutrient solution without 
excluding light from the roots, the presence of the rubber did not affect the 
growth of frogbit. 

When exposed to light the average growth in 48 hours of the shorter of the 
two roots was 9.2 cm with a standard error of 0.60, but when light was excluded 
from the root, the average growth for a similar period of time was 1.3 cm 
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with a standard error of 0.28. The growth of the longer of the two roots 
was also greatly reduced in the dark. Total root extension growth in the 
dark was 9.7% of the growth in the light. In contrast to the dark green 
color of the root grown in the light, that part of the root which grew in the 
dark was whitish or pale green in color. 

Since the exclusion of light from frogbit roots resulted in a 90% reduction 
in extension growth, apparently the major source of energy for the growth of 
individual roots lies within each root. This source of energy undoubtedly 
is the photosynthetic assimilation of carbon by the green roots. Frogbit 
roots, therefore, unlike the roots of most plants, may prove to be largely 
autotrophic for their supply of carbohydrates. Some root growth was 
produced in the dark, suggesting that leaves may be able to supply a certain 
amount of energy to the roots. Such a supply would be necessary in the 
initial stages of root growth and the dependence of young roots on leaves for 
their energy no doubt explains why their rate of growth was relatively slow. 
Since photosynthetic activity can be measured in terms of root extension 
growth, frogbit, therefore, is excellent material for investigating the effects 
of photosynthetic poisons—a fact that will be set forth in a separate 
publication. 

1. ArBer, A. Water plants. Cambridge University Press, Cambridge. 1920 


2. MINSHALL, Frogbit (Hydrocharis morsus-ranae L.) at Ottawa. Can. Field-Natural- 
ist, 54, 44-45 (1940). 
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PESTICIDE RESEARCH INSTITUTE, 
CANADA DEPARTMENT OF AGRICULTURE, 
UNIVERSITY Sus Post OFFICE, 
Lonpon, ONTARIO. 


DIPLOID AND TETRAPLOID SPECIES OF WILDGROWING 
ALFALFA IN THE FLORA OF THE U.S.S.R. 


E. N. SINSKAYA 


The flora of the U.S.S.R. includes many widespread diploid and tetraploid 
species of alfalfa which are extremely interesting from the standpoint of 
understanding of species-formative processes as well as for plant breeding 
purposes. 

In many places there are sporadically met natural hybrids between diploid 
and tetraploid species of alfalfa. It is remarkable that the natural hybrids 
of diploid and tetraploid species of Medicago are always fruitful tetraploids. 
We have never yet met sterile triploids in nature. 

Both we and our pupil V. A. Borkovskaya have established that, when 
crossing alfalfa species with diverse chromosome number and using for pol- 
lination an artificial mixture of pollen, fruitful tetraploid hybrids (segmental 
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allopolyploids) are obtained instead of sterile triploids which are usually 
obtained using pollen from one male plant. 

The best results for selection purposes are obtained if wild diploid alfalfa 
is taken as a female plant and pollination is made with a mixture of pollen 
from different species and forms of cultural tetraploid blue alfalfa (Medicago 
sativa sensu lato). 

Up to the present we have investigated the following species of Medicago. 


I. Yellow-colored alfalfa approximate to M. falcata L. 

1. M. borealis Grossh. In the alluvial valleys of the north forest (non- 
blackearth) zone of the European part of the U.S.S.R. Diploid (2m = 16), 
sometimes, natural hybrids with cultural blue alfalfa are met with and these 
have found serious application in plant breeding work. 

2. M. falcata L. In the meadow-steppe and in steppe-transformed meadow 
lands located in the forest-steppe region of the U.S.S.R. Tetraploid (2” = 
32). The ecotypes of this species and its natural and artificial hybrids 
with cultural alfalfa are very widely used in culture and in plant breeding. 

3. M. romanica Prod. (syn. M. difalcata Sinsk.). In the arid steppes of 
the southeast region of the European part of the U.S.S.R. and in Kazakhstan. 
Diploid (2n = 16). This drought-resistant species is used to a far lesser 
degree in plant breeding than the former two species. 

4. M. quasifalcata Sinsk. In the forest glades and steppe-transformed 
meadows among the foothills of the North Caucasus and in Daghestan. 
Diploid (2n = 16). This species is used in plant breeding work. 

5. M. glandulosa M.B. In the steppe-transformed meadows of the North 
Caucasus in the environs of Gelenjik and Novorossiysk and in the Crimea. 
Tetraploid (2m = 32). This species has not yet been used in selection work. 


IT. M. glutinosa M.B. and its subspecies 

Some botanists consider these to be independent species: subsp. typica 
Sinsk., subsp. praefalcata Sinsk. (syn. M. vardanis Vass.), and subsp. polychroa 
Sinsk. (syn. M. polychroa Grossh.). Drought-resistant. Forms mass natural 
hybrids with M. hemicycla Grossh. in Daghestan. Tetraploid (2m = 32). 
Has great prospects for hybridization with cultural alfalfa, but up to the 
present has hardly been included in the selection process. 


III. Yellow-colored M. dzhawakhetica E. Bordz. 
In the subalpine and alpine belts of Transcaucasia. Diploid (2m = 16). 
Is not used in plant breeding. 


IV. Blue-colored alfalfa related to cultural alfalfa M. sativa sensu lato 

1. M. praesativa Sinsk. Grows wild in Transcaucasia but endemic cul- 
tural Armenian forms are included in this species. Tetraploid (2n = 32). 
Is not used in plant breeding. 


V. Blue-colored alfalfas related to M. hemicycla Grossh. 
1. M. hemicycla Grossh. In the mountainous meadows of Transcaucasia. 
Diploid (2n = 16). Hygrophyllus. 
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2. M. coerulea Less. In the arid steppes in the regions of the Caspian. 
Diploid (2n = 16). ; 

3. M. Trautvetteri Sumn. In the arid steppe and semidesert regions of 
Kazakhstan. Diploid (2 = 16). 

These three species, of which the latter two are drought-resistant and to 
a certain extent salt-resistant, deserve greater attention, but for the present 
are practically not used in plant breeding. 


VI. 

1. M. tianschanica Vass. In Central Tian-Shan. A mountainous very 
polymorphous species which participated in the origin of cultural Asiatic 
alfalfa. Tetraploid (2n = 32). Up to the present this species has not been 
utilized ii plant breeding nor have many other Asiatic species which have 
not yet been sufficiently studied by us. 

2. M. agropyretorum Vass. In the middlemountainous zone in Central 
Asia. Steppe and secondary habitats. This polymorphous species, related 
to M. tianschanica and to cultural Asiatic alfalfa, is not yet used in plant 
breeding. Tetraploid (2n = 32). 

The formation of alfalfa species is developing in two directions: without 
any change in the number of chromosomes and with sudden leaps in the chro- 
mosome number. 

An example of the former is the phylogenetic series M. hemicycla—>M. 
coerulea—M. Trautvetteri. In this series a gradual change in all characters 
with numerous intermediate forms in transition zones is observed. On the 
other hand when the formative process is complicated by chromosome 
quantitative ‘‘leap” (series M. hemicycla—M. praesativa), the transition forms 
are few or are entirely absent. In those cases when, under the pressure of 
natural selection, the transition forms are unfavorable, the isolation is secured 
by a physiological barrier in the form of polyploids on the contiguity borders 
of the areas of the species. 

Thus in the northern part of its area the diploid M. quasifalcata is contiguous 
to the tetraploid M. falcata and the meadows overgrown with M. falcata 
separate the diploid M. quasifalcata from another diploid species M. romanica. 
In the western part of its area M. quasifalcata comes into contact with the 
tetraploid M. glandulosa. Under such conditions of spreading the mass 
formation of natural hybrids of M. quasifalcata and neighboring species is 
precluded. 


RECEIVED 10, 1959. 

Divisions OF HERBARIA AND FORAGE PLANTS, 
INSTITUTE OF PLANT INDUSTRY, 

LENINGRAD, U.S.S.R. 
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A CULTURAL CONNECTION BETWEEN VENTURIA TREMULAE 
ADERH. AND ITS IMPERFECT STAGE IN ONTARIO! 


B. W. DANCE? 


For several years, the author has suspected that the prevalent North 
American hyphomycete usually called Napicladium tremulae (Frank) Sacc., 
which causes leaf and shoot blight of poplar, is the imperfect stage of Venturia 
tremulae Aderh. Substantiation of this connection would invalidate the 
reputed connection (6) of this hyphomycete with Didymosphaeria populina 
Vuill. = Venturia populina (Vuill.) Fabric. (imperfect stage Pollaccia elegans 
Serv. (7)). It would also indicate, according to Aderhold (1), that the North 
American hyphomycete should be called Fusicladium tremulae Frank or, 
according to Servazzi (7), Pollaccia radiosa (Lib.) Bald. & Cif. (2). Since 
Servazzi’s recent revision (7) of the European fungi that cause leaf and twig 
blights of Populus is now generally accepted (3, 4,5), it may be that the latter 
binomial will be preferred. 

Numerous attempts to confirm the suspected connection were unsuccess- 
ful owing to the difficulty of collecting perithecia of V. tremulae in Ontario in 
adequate numbers for experimentation, and to the refusal of the ascospores 
to germinate on agar or on leaves. However, in 1958, perithecia in a collec- 
tion of V. tremulae on a blighted, overwintered shoot of trembling aspen 
(Populus tremuloides Michx.) produced a number of spores that did germinate 
on malt agar. It is not evident why germination occurred only in this single 
instance since, in all the experiments, the methods, environmental conditions, 
and materials were similar. However, the reason may be found in the stage 
of physiological maturity attained by the spores. This explanation is sug- 
gested by the fact that germinable spores were from a collection that was 
made somewhat later in the spring (mid-June) than any collection that 
yielded non-germinable spores. 

Five monosporous and 15 polysporous isolations were prepared from the 
germinated ascospores. In 2 weeks, all had developed into substantial, 
sporulating colonies. These and their conidia seemed identical with colonies 
and spores grown on agar from conidia of the hyphomycete “NV. tremulae’’, 
obtained from recently blighted leaves and shoots of trembling aspen. It was 
concluded that the North American hyphomycete constituted the imperfect 
stage of V. tremulae, not that of V. populina. 

In view of this finding, and considering Servazzi’s taxonomy (7), the North 
American fungus would seem to be P. radiosa. However, the writer believes 
it may be a variety of P. radiosa. The evidence suggesting this possibility 
was derived by comparing cultures grown from transfers of Servazzi’s isola- 
tions of P. radiosa, and from conidia of the North American fungus from 
infections on trembling aspen and largetooth aspen (Populus grandidentata 

1Contribution No. 488 from the Forest Biology Division, Research Branch, Canada Depart- 


ment of Agriculture. : 
*Forest Pathology Laboratory, Maple, Ontario. 
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Michx.). Differences between the cultures were noted in the growth rate, 
in the outline and color of the colonies, in the texture and depth of the mat, 
and in the number and size of oily, hyphal inclusions. Furthermore, a black 
mycelial exudate present in the European cultures was absent from the North 
American cultures. <A satisfactory comparison of conidial characteristics was 
impossible since the cultures from transfers of Servazzi’s isolations failed to 
sporulate. However, occasional conidial fragments, in those transfers, 
indicated that conidia from the two continents were similar. 

The desirability of according varietal status to the North American fungus 
may be determined through artificial infection studies and compatability tests 
using isolates of the imperfect stage of V. tremulae obtained from North 
America and Europe.. 


(1897 der species Venturia chlorospora, inaequalis ect. Hedwigia, 36, 
3-81 (1897 

2. Batpacct, E. Un nuovo genere di miceti parassita del pioppo Pollaccia radiosa (Lib.) 
Baldacci e Ciferri. Atti ist. botan. “Giovanni Briosi” e lab. crittogam. univ. Pavia, 
IV, 10, 55-72 (1938). (? separates issued 1937.) 

Goranicu, G. and Vivant, W. II ritrovamento dell’ ascomicete ‘‘Didymosphaeria 
populina’”’ Vuill., parassita del pioppo. Boll. regia staz. patol. vegetale, n.s. 19 
(XVII-XVIII), 87-102 (1939). 

GREMMEN, J. Een blad-en twijgziekte van populieren veroorzaakt door Venturia 
tremulae en Venturia populina. Tijdschr. Plantenziekten, 62, 236-242 (1956). 

Hucues, S. J. Some foliicolous hyphomycetes. Can. J. Botany, 31, 560-576 (1953). 

er O. W. Napicladium tremulae, a new disease of poplar. Phytopathology, 10, 

18 (1920 

Servazzi, O. Contributi alla patologia age VI. Ricerche sulla cosi detta ‘defo- 
gliazione primaverile dei Pioppi’. Boll. lab. sper. e regio osservatorio fitopatol. 15, 
49-152 (1938). (Issued 1939.) 


RECEIVED JUNE 8, 1959, 

Forest Division, 

RESEARCH BRANCH, 
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THE RELATION OF BARK MOISTURE TO THE DEVELOPMENT 
OF CANKER DISEASES CAUSED BY NATIVE, 
FACULTATIVE PARASITES 


III. CEPHALOSPORIUM CANKER ON WESTERN HEMLOCK! 


Joun E. Bier? 


In 1953, Denyer (3) reported on a canker disease of suppressed western 
hemlock caused by a species of Cephalosporium. Variable results were 
obtained in the inoculation experiments and Denyer stated as follows: ‘The 
success of the second set of inoculations may be attributed to the fact that 
they were made at the beginning of a 90-day dry period. It seems probable 

1Financial support for these studies was granted by the National Research Council of 


Canada. 
*Professor, Powell River Chair in Forest Pathology. 
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PLATE I 


Jon 7-88 
-63 


Fic. 1. Nodal infections on western hemlock, University Forest, Vancouver. 
Fic. 2. Stem canker on western hemlock, Courtenay, Vancouver Island. 
Fic. 3. Cuttings inoculated and placed outdoors with their basal ends in water; 
upper wounds inoculations, lower wounds controls. 
1G. 4. Cuttings inoculated and placed outdoors with no water supplied; upper 
wounds inoculations, lower wounds controls. 
1G. 5. Left pair of cuttings inoculated and placed in the laboratory with no water 
supplied; upper wounds controls, lower wounds inoculations. Right pair of cuttings 
inoculated and placed in the laboratory with their basal ends in water; upper wounds 
controls, lower wounds inoculations. 
Note: Cutting labels indicate the relative turgidity of the bark on the dates given. 


Bier—Can. J. Botany 
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that the fungus lives primarily as a saprophyte and can only become para- 
sitic when the vigor of the tree is reduced, as for example by drought.” 
Reference was also made to the occurrence of the disease in trees on poor 
sites and in stands of dense reproduction. 

In recent studies (1, 2) a close correlation was found to exist between the 
development of canker diseases on willow and poplar which were caused by 
facultative parasites, and the moisture content of the bark. When bark 
moisture was expressed as a percentage of the amount of water required to 
saturate the sample under experimental conditions, relative turgidities of 
80% or more inhibited canker development which, however, occurred nor- 
mally in viable bark at lower percentages. Seasonal and site factors were 
shown to be of importance in causing a reduction in bark moisture to a level 
of host susceptibility. In view of these results it was considered of interest 
to conduct studies on Cephalosporium canker to determine whether a similar 
relation may exist between bark moisture and disease development. 

During the dormant season of 1958-59 numerous bark moisture measure- 
ments were made of western hemlock in the University Forest, Vancouver. 
Bark samples were taken from the stems of open-grown and suppressed trees, 
and from the upper and lower branches of trees. The values obtained de- 
monstrated that the relative turgidity of 5- to 10-year-old bark of suppressed 
trees was appreciably less (62 to 85%) than that of similar-aged bark in open- 
grown trees (82 to 93%). Further, in individual trees of the understory the 
bark of lower branches with thinner foliage had a lower relative turgidity 
(55 to 76%) than that of the more vigorous upper branches (81 to 91%). 
It was of interest that the natural infections were restricted to the lower 
branches and stems of suppressed trees which commonly had relative tur- 
gidity values below 80% (Figs. 1 and 2). 

Inoculation experiments were conducted using the same methods outlined 
in the studies on willow canker (1). Dormant cuttings of the host with 5- 
to 10-year-old bark were cut from the stems of vigorous, open-grown trees. 
The bark of dormant cuttings inoculated and placed outdoors during the 
winter with their basal ends in water maintained relative turgidity values 
above 80%, and there was no development of canker (Fig. 3). Canker 
development occurred in the inoculated cuttings placed outdoors and allowed 
to dry until the relative turgidity values for the bark ranged from 51 to 78% 
(Fig. 4). Identical results were obtained from wet and dry series of inocu- 
lations placed in a moist chamber in the laboratory at room temperature 
(Fig. 5). Faster canker growth occurred in the indoor, dry inoculations 
than in the outdoor, dry inoculations, which may have been due to the labora- 
tory temperature being more favorable to the growth of the fungus. 

After the outer bark had been removed from the cankered areas conidia 
of Cephalosporium developed abundantly on the surface of the inner diseased 
bark. Isolations of the conidia and infected bark yielded cultures identical 
with those used for inoculum.* 


3Dr. W. B. G. Denyer confirmed the author’s identification of the fungus as being the same 
species as was reported upon by him in 1953. 
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These studies on Cephalosporium canker together with the previous work 
on canker diseases of willow and poplar (1, 2) have demonstrated that the 
determination of bark moisture during dormancy may provide a useful index 
of the vulnerability of the hosts to these canker diseases, the diseases devel- 
oping only when the relative turgidity of the bark was below the threshold 
value of 80%. This method of determining tree or stand vulnerability to 
canker diseases may be more direct and simpler than attempts to correlate 
the incidence and intensity of the diseases with one or more of the many 
climatic and soil factors which influence tree growth and vigor. 

1. Brier, J. E. The relation of bark moisture to the development of canker diseases caused 
by native, facultative parasites. 1. Cryptodiaporthe canker on willow. Can. J. 
Botany, 37, 229-238 (1959). 

2. Bing, J. &. The relation of bark moisture to the development of canker diseases caused 
by native, facultative parasites. 2. Fusarium canker on black cottonwood. Can. 
J. Botany, 37, 781-788 (1959). 


3. DENYER, W. B. oly Cephalosporium canker of western hemlock. Can. J. Botany, 31, 
361-366 (1953). 


RECEIVED JUNE 17, 1959. 

DEPARTMENT OF BIOLOGY AND BOTANY, 
AND THE FACULTY OF FORESTRY, 
UNIVERSITY OF BRITISH COLUMBIA, 
VANCOUVER 8, B. C 


| | 
} 
| 
| 
| 
| 
| 
f 
| 
{ 
{ 
if 


THE COMMONWEALTH FORESTRY BUREAU 
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This branch of the Commonwealth Agricultural Bureaux, set up by the Governments of 
the British Commonwealth, operates as a centre for the collection and dissemination of 
information on forestry—not only forest botany and ecology, silviculture, protection, survey 
-— management, but also logging and utilization, economics, administration, policy and 
influences. 


FORESTRY ABSTRACTS: These survey current world literature on forestry, 
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and countless miscellaneous publications written in some 30 languages. Each issue normally 
includes a comprehensive review of the literature on some particular subject and news items 
from all over the world. Annual subscription, for the four numbers of a volume (plus a 
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